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ABSTRACT 


The  purpose  of  this  program  was  to  determine  the  crack- 
propagation  resistance  of  super-alloy  and  refractory- metal  sheet 
materials  and  to  investigate  certain  aspects  of  the  elevated- temp¬ 
erature  mechanical  behavior  of  high-strength  low-alloy  steels. 

Sheet  specimens  containing  central  transverse  fatigue  cracks  were 
used  in  the  experimental  work.  It  was  found  that  the  fracture  tough¬ 
ness  of  the  nickel-base  alloys— Rene'  41,  Nimonic  90,  Inconel-X, 
and  Unitemp  1753— decreased  slightly  in  the  temperature  range 
from  about  1000*  F  to  1400®  F,  in  which  temperature  range  there  were 
generally  increases  in  ultimate  tensile  strength  and  decreases  in 
tensile  elongation.  The  alloys  A286  (iron- base)  and  L605  (cobalt- 
base)  did  not  show  this  brittleness  tendency.  Among  the  refractory 
metals,  unalloyed  molybdenum  was  found  to  have  a  brittle-ductile 
transition  temperature  of  about  150*  F;  the  molybdenum  alloys— 
Mo-l/2%Ti  and  TZM— both  had  transition  temperatures  of  about 
65°  F.  Unalloyed  tungsten  sheet,  containing  sharp  notches  rather 
than  fatigue  cracks,  showed  an  increasing  tendency  to  brittleness 
below  about  500°  F.  Two  columbium-base  alloys  — D-14  and  FS82— 
were  ductile  over  the  temperature  range  investigated— from  -320*  F 
to  about  1000*  F.  In  an  investigation  of  apparent  strain-aging  effects 
in  steels,  it  was  found  that  greatly  increasing  the  rate  of  loading 
diminished  the  net-fracture-atresa  minimum  that  occurs  at  around 
SOO*  F  at  slow  loading  rates. 

The  program  also  included  an  evaluation  of  the  compliance 
gage,  originally  developed  at  the  U.S,  Naval  Reaearch  Laboratory, 
for  the  determination  of  critical  crack  length.  It  was  found  tiiat,  by 
means  of  this  device,  critical  crack  length  can  be  reproduclbly 
measured  in  crack- propagation  tests  over  a  wide  temperature  range. 
Uaed  with  certain  types  of  crack-propagation  specimens,  such  as 
the  shear-cracked  specimen,  the  gage  apparently  gives  a  reliable 
measure  of  the  plane-strain  fracture- toughness  parameters,  Kje 
and  Gjc- 
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-An  Investigation  of  the  Crack-Propagation 
Resistance  of  High-Strength  Alloys  and 
Heat-Resistant  Alloys 


I.  INTRODUCTION 

The  purposes  of  this  program  were  as  follows: 

1.  To  investigate  the  crack-propagation  behavior  of 
"super-alloy"  sheet  materials,  particularly  at 
elevated  temperatures  near  the  usual  aging  range 
for  many  of  these  alloys.  It  was  expected  that 
additional  precipitation  occurring  during  stress 
application  at  elevated  temperatures  could  be  a 
potential  source  of  brittleness  in  tlie  super  alloys. 

2.  To  determine  the  effects  of  pre-existing  cracks 
on  the  mechanical  behavior  of  some  of  the  com¬ 
mercially  available  refractory-metal  sheet  ■ 
materials,  in  particular,  to  determine  their 
brittle-ductile  ti'ansition  temperatures.  These 
data  would  furnish  a  base-line  for  comparison 
with  the  properties  of  matoj'ials  sub.sequently 
produced  in  Uto  Refractory  Metal  Sheet  Rolling 
Program. 

3.  To  investigate  further  the  apparent  ’*straln- 
aging'*  effects  previously  found  to  occur  in  crack- 
propagation  tests  of  low-alloy  steels.  These 
effects  wore  manifestod  by  a  minimum  in  net 
fracture  stress  in  a  temperature  range  (about 
300*  F  to  400®  F)  within  which  there  was  a  maxi¬ 
mum  in  ultimate  tensile  strength.  In  general, 
strain-aging  effects  are  attributed  to  interactions 
that  occur  in  bcc  metats  between  dislocations 
and  interstitial  atoms.  Therefore,  it  was  antici¬ 
pated  that  such  effects  might  be  evidenced  in  the 
mechanical  Imhavior  of  the  refractory  metals 
studied  in  this  program. 

In  Uie  course  of  the  program,  the  development  was  announced 
by  the  U.  S.  Maval  Research  Laboratory  of  a  method  for  measuring  ' 
the  extent  of  slow  crack  growth  in  crack-propagation  detormUtations. 
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The  method  employed  a  sensitive  deflectometer  that  measured  the 
compliance  — the  extension  per  unit  load— of  specimens  containing 
cracks  or  notches.  A  modified  form  of  this  device  was  developed 
at  Southern  Research  Institute  an.d  was  used  intlie  evaluation  of  the 
crack-propagation  resistance  of  a  number  of  sheet  materials  in  the 
latter  part  of  this  program. 


II.  MATKRI.ALS 

In  Table  1  is  sliown  a  list  of  the  super-alloys  and  refractory 
metals  evaluated  in  the  program,  the  shpet  thicktiesses,  and  tlie 
conditions  of  heat- treatment  in  which  the  materials  were  evaluated. 
Table  2  shows  the  sources  and  compositions  of  these  materials. 
Several  .steels  and  one  aluminum  alloy  used  in  connection  with  special 
e.xperiments,  described  in  subsequent  sections  of  the  report,  are 
not  included  in  this  list.  Particulars  on  the  condition  of  these  latter 
materials  are  given  in  the  appropriate  section. 


III.  SPECIMENS 

Figure  1  sliows  the  crack-propagation  specimen  used  in  the 
evaluation  of  the  super-alloys  and  most  of  Ute  refractory-metal 
alloys.  The  ’’lugged"  crack  propagation  specimen  shown  in  Figure  2 
is  a  modification  of  this  original  fatigue- cracked  specimen,  and  was 
designed  for  use  with  a  clip-on  deflection  gage.  This  deflection  gage 
is  shown  in  place  on  the  specimen  in  Figure  2,  and  its  use  is  des¬ 
cribed  in  detail  in  a  later  section  of  this  report.  The  gage  Vvas  not 
developed  until  the  latter  {>art  of  this  program;  consequently,  its  use 
vvas  limited  to  the  evaluation  of  only  a  few  materials.  Both  types  of 
crack- proiwga lion  specimens  contain  central  transverse  slots,  made 
with  a  jeweler’s  saw,  the  slots  terminating  in  natural  cracks  which 
are  produced  by  cyclic  axial  stressing  of  the  slotted  specimens.  The 
critical  dimensions  of  Uje.se  specimens  are  as  re^commended  by  tlte 
ASTM  Committee  on  Fracture  Testing  of  High  StrengUi  Sltect  Mater¬ 
ials  (1)*.  The  basic  requirements  arc  as  foil  ws; 

1.  The  S(>ecimcn  width- to- Utickness  ratio  should  be 
vvitiiin  the  limits  from  16-to-l  to  4S-to-l. 


Numbers  in  (jarenUiescs  refer  to  Uie  bibliography. 
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0. 00  in.  by  AjcUI 
Cyclic  Sirculag 


Figure  1. 


Typical  fatl|iue*‘craclied  aftcrlincn  for  dctorntinatlcn 
of  crarkopropaffotion  pruitcrtlea. 
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2.  The  distance  between  the  centers  of  tlie  loading- 
pin  holes  should  be  at  least  2.  5  times  the  speci¬ 
men  width. 

3.  The  initial  over-all  crack  length  should  be  from  . 

0.  3  to  0.  4  of  the  over-all  specimen  width. 

Standard  tensile  specimens  of  each  material  were  also  evaluated.- 
A  typical  tensile  specimen  is  shown  in  Figure  3,  In  some  instances 
the  over-all  length  of  these  specimens  was  reduced  to  conserve  the 
materials  of  limited  availability,  but  ilie  dimensions  o:  the  gage  section 
remained  the  same  for  all  the  materials.  These  specimens  have 
machined  ’’lugs"  at  the  2-in  gage  points  for  actuating  a  special 
clip-on  extensometer,  whicli  can  bo  used  for  measuring  strain  over 
a  wide  range  of  specimen  temperatures. 


IV.  EQLTP.MENT  /X.ND  PROCKDURE 

A  special  screw-type  tensile  loading  machine,  designed  and 
built  at  Southern  Research  Institute,  was  used  fur  determining  the 
standard  tensile  properties  of  the  slteet  materials  and  the  crack- 
propagation  properties  when  rapid  loading  rates  were  required. 

With  this  machine,  a  range  of  strain  rates  from  0.00003  in.  /in.  /sec 
to  1.0  in.  /in.  /sec  can  bo  obtained  for  standard  tensile  specimens  of 
2-in.  gage  tengtli.  Strain  gages  arc  used  as  the  U'unsducers  on  botli 
the  load  cell  and  e,\tensometor,  which  produce  electrical  signals 
proportional  to  the  load  and  to  the  strain  within  the  2-in.  gage  section 
of  the  .specimen.  Tlte  stress-strain  curves  are  photographed  by  a 
Polaroid- l>and  camera  from  a  cathode-ray  oscilloscope.  A  detailed 
descri|)tion  of  this  equipment  is  contained  in  W*ADC  TR  57'-649.  When 
rapid  loiiding  rates  were  not  required,  tlte  crack-propagation  speci¬ 
mens  were  loaded  to  failure  in  a  Tinius  Ol-sen  testing  machine  of 
120, 000  lbs  capacity  at  a  free  crosshead- travel  rate  of  about  0. 01  in.  / 
inin. 


Specimen  temperature  for  both  the  fatigue-cracked  specimens 
and  sUind.ard  tensile  specimens  was  obtained  in  the  following  ways. 

For  the  low- temperature  work,  the  central  3-in.  section  of  the  speci¬ 
men  was  enclosed  in  an  insulated  cold-box  that  was  continuously 
swept  with  cold  nitrogen  gas.  This  nitrogen  gas  was  cooled  by  passing 
it  through  a  cop|>cr  coil  immersed  in  liquid  nitrogen.  Temperatures 
as  low  as  -250*  F  can  bo  attained  in  this  maimer.  To  attain  temiiei'a- 
lurcs  as  low  as  -320*  F.  liquid  nitrogen  was  sprayed  directly  on  Uic 
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•pecimen  along  Its  gage  length.  For  the  elevated- temperature  work, 
the  standard  tensile  specimens  were  resistance  heated  by  current 
supplied  from  a  high-current  step-down  transformer  controlled  by 
a  saturable  reactor.  The  fatigue-cracked  specimens  were  heated 
in  ttie  temperature  range  from  room  temperature  to  above  1500*  F 
with  two  focused  radiant-heating  fhcturea.  Both  surfaces  of  the 
specimen  were  uniformly  flooded  witti  radiant  energy  from  G.  E. 

Typt  500  TS/CL  tubular  infrared  lamps  with  clear  quarts  envelopes. 
The  putput  from  the  three  lamps  in  each  reflector  was  concentrated 
upon  the  surface  of  the  specimen  by  a  focused  reflector  in  the  form 
of  a  half  aection  of  an  elliptic  cylinder. 

Temperature  control  was  effected  by  means  of  a  36-gage 
chromel-alumel  thermocouple  flash  welded  to  the  gage  section  of 
the  specimen  and  connected  to  a  temperature  controller  working  in 
conjunction  with  the  radiant  lamps  or  resistance  heater  for  the 
elevated  temperatures,  and  with  a  solonoid  valve  in  the  nitrogen- 
gas  line  for  the  low-temperature  work. 

A  criterion  of  crack-propagation  determined  for  all  of  the 
materials  was  net  fracture  stress,  which  la  identical  with  "sharp 
notch  strength. "  Net  fracture  stress,  a^  used  in  this  report,  is 
defined  as  the  maximum  load  divided  by  the  original  net  supporting 
area  through  the  crack  plane.  For  those  refractory  metals  and 
alloys  in  which  a  brittle-ductile  transition  range  was  found,  values  of 
Kq.  a  fraoture-toui^ness  parameter,  were  calculated  for  the  "brittle¬ 
ness"  temperature  ranges.  These  values  were  generally  "best 
estimates"  based  on  calculations  in  which  the  original  fatigue-crack 
length.  2a,.  rather  than  critical  crack  length  was  used.  Because  of 
the  nature  of  these  materials,  it  was  difficult  (if  not  impossible)  to 
discriminate  between  tones  of  shear  fracture  and  flat  tensile  fracture 
in  the  fracture  surfaces  of  the  specimens.  Therefore,  the  method 
for  estimation  of  critical  crack  tengli  by  the  percenuge  of  ahear  in 
the  fracture  il\  could  not  be  used.  The  com^disnce  gsge.  with  which 
direct  measurement  of  elow  crtck  extension  can  be  made.  was. 
unfortunately,  not  developed  until  later  in  the  program,  and  only 
limited  use  of  the  gage  was  made. 

Standard  lenaile  propertiea-0. 2%-off8et  yield  atrength.  ultimate 
tenatle  atrength.  percent  elongation  in  2  in. .  and  percent  reduction  of 
area  at  fricture-were  obtained  for  each  material  for  comparison  with 
the  crack-propsgation  properties. 


f  V.  RESULTS  AND  DISCUSSION 

The  following  eub-iectione  contain  graphical  preaentations 
of  the  data  obtained  in  the  aeveral  phaeea  of  the  experimental  work. 
The  firat  two  aub-aectiona  ahow  the  comparative  atandard  tenaile 
propertiea  and  crack- propagation  propertiea  of  the  auper-alloya 
and  refractory  metala  evaluated  in  the  program.  The  remaining 
aub-aectiona  are  concerned  with  the  experimenta  on  atrain-aging 
of  ateela  and  the  uae  of  the  compliance  gage  for  crack-  'ou|^neaa 
determinationa.  It  ahould  agahi  be  noted  that  crack-propagation 
apeoimena  uaed  in  obtain  theve  data  were  1.  $  in.  wide  with  a  central 
tranaverae  alot  of  about  0. 4  in.  which  terminatea  in  natural  cracka 
produced  by  cyclic  axial  atreaaing.  The  over-all  crack  length, 
including  the  alota,  waa  nominally  0. 5  in.  Each  data  point  in  the 
grapha  for  the  auper  alloya  and  refractory  metala  repreaenta  from 
one  to  four  individual  determinationa  depending  upon  the  material 
and  the  temperature.  The  exact  number  of  apecimens  uaed  for 
each  condition  can  be  determined  from  the  data  tablea  in  Appendix  A. 

In  the  evaluationa  of  ttte  auper-alloya  and  refractory  metala, 
a  loading  rate  of  approximately  100  Ib/aec  waa  uaed  in  the  deter¬ 
mination  of  tenaile  and  crack- propagation  propertiea. 

The  experimental  data  for  all  of  the  materiala  are  given  in 
tabular  form  in  Appendix  A. 
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A.  Super  Alloys 
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The  effects  of  temperature  on  the  tensile- strength  properties 
and  net-fracture  stress  of  aged  Inconel-X  are  shown  in  Figure  4 
and  are  presented  in  Tables  4  and  5  in  Appendix  A.  Additional  agUtg» 
oectirring  at  temperatures  above  900®  F,  evidently  caused  an  increase 
in  yield  strength,  with  a  maximum  «nt  about  1150®  F.  At  torn f>enttu res 
above  1000®  F,  the  net-fraeturo  stress  was  below  the  yield  strengUi, 
and  at  temperatures  of  1400*  P  and  1500*  F,  U»e  fractures  the 
fatigue- cracked  specimens  liud  flat  tensile  surfaces.  . 
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Figure  5  shows  the  effect  of  temjierature  on  the  tensile  proper^ 
lies  and  net  fracture  stress  of  Uene*  41,  niekel-hase  alloy,  aged  at 
1400"  F  for  10  hr.  These  data  are  also  presented  in  Tables  6  and  7 
in  Appendix  A.  The  net  fracture  stress  of  the  Henc’  41  was  above  Ute 
yield  strength  at  all  temperatui'os  up  to  1200"  F.  Above  1200"  F,  the 
net  fracture  stress  was  equivalent  to  Ute  yield  strengQi. 


tm. 


Figure  6  shows  the  effect  of  temperature  from  75"  F  to  1700*  F 
ott  the  star4dat*d  (ensitu  properties  and  tiet  fraciutc  stress  ol  aged 
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Unitq^/;p  1753.  These  data  are  also  given  in  Tables  8  and  9  in  Append, 
A.  Tr-e  plateau  in  yield  strength  out  to  1400°  F  is  presumably  a  result 
of  addifional  aging  that  occurred  at  temperatures  from  about  1200°  V 
to  1400°  F.  The  net-fracture  stress  tended  to  fall  below  the  yield 
strcngiih  at  temperatures  above  1400°  F.  The  flat  tensile  fra  'ture 
surfaces  of  the  fatigue-cracked  specimens  fractured  at  temperatures 
from  1400"  F  to  1600°  F  are  also  indicative  of  a  marked  tendency 
toward  brittleness  in  this  temperature,  range. 


^'•K'****^*  KlffH  Itoci'crubu**  on  lh«* 
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In  Figure  7,  the  effects  of  temperature  on  the  standard  tensile 
properties  an^^  net-fracture  stress  of  aged  Nimonic  90  are  shown. 

These  properiies  are  also  given  in  Tables  10  and  11  in  Appendix  A. 

The  net-fracture  stress  is  intermediate  between  the  ultimate  strength 
and  yield  strength  at  tem/>«^tures  from  75°  F  to  J  200°  F,  but  begin¬ 
ning  at  about  1000°  F,  Hr  '  Ift  a  decided  decrease  in  crack  toughness 
with  increasing  temperaivtv^v  At  temperatures  above  1200°  F,  the 
fracture  surfaces  of  the  fatigue- cracked  specimens  were  all  fiat 
tensile.  Ther  '  is  little  evidence,  such  as  was  sIiowr»  tiy  the  lin^jonel-X, 
Rene’  41,  and  Unitemp  1753  of  additional  aging  of  Nj  lOillc  90  at  the 
higher  temperatures. 

The  roduciion  in  fracture  touff^  '^ess  of  the  nickel-base  alloys 
at  elevated  temperatures,  as  manifestc'd  by  the  decrease  in  net  fracture 
stress-yield  strengtfa  ratio  at  temperatures  above  about  1100°  F,  is 
probably  related  to  the  decrease  in  tensile  ductility  at  tttis  satUi’ 
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temperature  i*ange.  Reduction  in  the  tensile  ductility  of  these  alloys 
at  temperatures  above  llOO"  F  is  well  established. 


Figure  8  shows  the  effect  of  temperature  on  the  properties  of 
aged  A-286  austenitic  iron  alloy.  The  properties  are  also  presented 
in  Tables  12  and  13  in  Appendix  A.  Over  the  temperature  range  from 
75®  F  to  1000®  F.  the  net  fracture  stress  of  the  A  286  was  intermediate 
between  the  yield  strength  and  ultimate  strength.  At  1500®  F,  the  net  ,• 
fracture  stre.ss  was  considerably  higher  than  the  ultimate  tensile  .  ^ 

strength.  Thus,  this  austenitic  iron-base  alloy  is  reasonably  notch- 
insensitive  over  the  lower  range  of  elevated  temperatures  and  is  quite 
notch-ductile  at  high  temperatures.  ,  ' 
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-uKi  Jt  in  Figure  9.«nd  in  Tables  14  and  15  in  Appendix  A. 
within  the  range  of  temperaturea  from  75*  P  to  1800*  F.  the  net- 

a^eilrth  ^  Intermediate  between  the  yield 

toe  nt  1800*  F{  the  net  fracture  atrew  of 

«pecimeni  and  ultintate  airength  of  the  tenaile 
fftni?  eaaentUUy  the  aame.  Thla  indicatea  that  the  L  805 

la  quite  notch  ductile  over  the  entire  temperature  range  inveatigated. 
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B.  .  Refractory  Metals 


Figure  10  shows  the  tensile  properties  and  net  fracture  stress 
of  0.040- In,  -thick  unalloyed  litnlStcn  sheet,  prepared  by  tlje  powder 
metallurgy  method.  Those  properties  are  also  shown  in  Tables  16  and 
17  in  Appendix  A.  7'horo  is  evt4enee  of  a  slight  tensile-strength 
maximum  at  ICOO"  F;  Utis  effect  may  be  a  manifestation  of  strain  aging 
of  the  tung.sten.  The  crack- propafstion  properties  of  the  0.040- in. 
tungsten  sheet  tssre  investigated  in  the  temperature  range  300*  P  to 
1200*  P. 

U  was  originally  intended  io  extend  the  central  notch  to  0. 5  in. 
in  the  tungsten  sheet  fipneimons  by  the  same  fatigue  method  used  in 
the  preixaration  of  the  crack- propagation  specimens  of  all  the  other 
materials  evaluated  in  this  program.  Extension  of  the  crack  in  this 
manner,  however,  did  not  prove  fcoeiblc;  the  central  notched  specimens 
did  not  show  visible  evidence  of  fatigue  cracks  after  prolonged  cyclic 
stressing  both  at  room  temperature  and  at  1000*  F.  Since  Omre  w.as 
a  high  incidence  of  specimen  txrMikagc  in  handling  and  mounting  the 
tungsten  stiecimons  in  the  attempt  to  produce  fatigue  cracks,  it  was 
decided  to  abandon  further  attempts  at  pioduciiig  fatigue  cracks  and 
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to  mcehine  the  notch  endc  to  •mall  a  root  radius  as  possible. 

Hie  ends  of  the  notch  were  impact  ground  to  a  radius  of  about  0. 0005 

in. 


The  specimens  were  then  fractured  in  tension  at  temperatures 
from  300*  F  to  1200*  F,  the  temperature  range  being  limited  by  the 
small  number  of  crack- propagation  specimens  available,  in  the 
evaluations  at  300*  F  and  400*  F  the  specimens  fractured  at  the 
supporting  pin  holes  rather  than  at  the  central  notch.  Each  value 
shown  in  the  stress  level  in  the  region  of  the  central  notch  at  the 
maximum  load  attained.  It  can  be  stated  that  the  net-fracture  stress 
was  at  least  as  large  as  the  values  shown.  The  fracture  appearance 
at  600*  F  and  hi|^er  was  full  shear,  while  the  fracture  appearance 
of  the  specimens  that  fractured  at  fte  pin  holes  indicated  a  purely 
brittle  fracture.  Since  the  portion  of  the  specimen  in  the  grip  tma  at 
only  a  slightly  lower  temperature  than  the  specimen  gage  sectioi.'  we 
may  conclude  that  the  brittle  ductile  transition  temperature  is  in  the 
region  300*  F  to  500*  F.  This  is  indicated  by  the  dashed  line  in 
Figure  10.  Again,  no  attempt  was  made  to  calculate  values,  since 
the  net  fracture  stress  of  the  tungsten  was  generally  equivalent  to, 
or  exceeded  the  yield  strength  over  the  range  of  temperatures  investi¬ 
gated,  and  the  Kq  parameter  is  not  of  great  significance  under  these 
conditions. 


Figure  11  shows  the  effect  of  temperature  from  30*  F  to  1500*  F 
on  the  standard  tensile  properties  and  from  0*  F  to  300*  F  on  the  net 
fracture  strength  of  stress- relieved  unalloyed  molybdenum  sheet. 
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Figure  13  shows  the  effect  of  temperature  on  the  standard 
tensile  properties  and  fracture  properties  of  stress- relieved  TZM 
molybdenum-alloy  sheet.  These  properties  are  also  given  in  Tables  22 
r.nd  23  in  Appendix  A.  The  transition  temperature  on  the  basis  of  net 
fracture  strength  is  65®  F.  The  ultimate  strength  shows  a  significant 
‘’peak’’  at  1000®  F,  with  a  corresponding  drop  in  net  fracture  stress  at 
that  temperatures.  These  effects  arc  similar  to  those  found  in  low- 
alloy  steels  (4)  at  a  somewhat  lower  temperature— about  350®  F.  It  is 
believed  that  the  "strengthening”  and  reduced  notch  ductility  noted  in 
Ojese  cases  are  associated  with  strain-aging,  that  is,  the  "pinning 
atmospheres"  of  Interstitials  around  dislocations. 
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Figure  14  shows  the  tensile  properties  and  net  fracture  stress 
of  cold- rolled  and  stress- relieved  D-14  columbium  alloy  sheet.  These 
properties  are  also  ijiven  in  Tables  24  and  25  in  Appendix  A.  Since 
the  D-14  was  ductile  down  to  the  lowest  temperature  used  in  these 
evaluations,  -320®  F,  no  measurements  of  slow  crack  extension  by 
means  of  (he  compliance  gage  were  made,  and  no  values  of  the  fracture- 
toughness  parameter,  K^,  are  reported.  The  parameter  is  not  of 
groat  significance  when  general  yielding  occurs  across  tlie  supporting 
section  of  the  crack-pro(}agation  specimen. 

WhoUicr  or  not  the  small  relative  maxima  in  the  tensile  strength 
properties  at  temperatures  of  about  600*  F  and  HOC*  P,  as  shown 
in  Figure  14,  represent  actual  strain-aging  peaks  is  debatable.  For 
example,  the  lower- temperature  (600®  F)  peak  represents  a  deviation 
of  only  2. 7%  from  the  smooth  curve;  with  specimens  as  small  as  those 
used  here,  non-uniformities  in  the  material  might  be  sufficient  to 
produce  a  deviation  of  this  magnitude.  On  tlie  oUier  hand  the  olevatcd- 
tomjmratut'c  values  plotted  represent  average  values  obtained  for  from 
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two  to  four  determinatioM  at  each  temporature  with  apecimena 
aelectad  randomly  from  the  aample  aheet.  Furthermore,  in  the 
temperature  range  of  both  the  600*  F  and  1100*  F  maxima  there  is  a 
rattier  wide  acatter  in  the  yield  atrength.  Willhelm  (8)  haa  reported 
wide  acatter  in  tanaile  propertiea  in  the  region  of  a  atrain  aging  peak 
in  columbium.  Serration  ct  the  atreaa-atrain  curve  appeared  at  the 
hi^er* temperature  peak  but  not  at  the  lower- temperature  peak.  Both 
yield- atrength  acatter  and  aerrated  plaatic  atreaa-atrain  curvea  are 
often  manifeatationa  of  atrain  aging.  In  any  event  auch  effecta  aa  theac 
for  D-14  are  not  of  the  magnitude  aa  thoae  reported  elaewhere  for 
unalloyed  columbium  and  for  other  columbium  alloya  (2.  3).  Apparently, 
the  interatitial  elementa  reaponaible  for  atrain-aging  phenomena  in 
other  columbium- baae  materiala  are  not  preaent  in  aufficient  quantitiea 
to  produce  pronounced  effecta  in  D-14. 

Although  there  ia  no  evidence  of  a  brittle-ductile  tranaition  at 
the  lower- temperature  end  of  the  curve,  the  fact  that  the  net  fracture 
atreaa  becomea  lower  than  the  yield  atrength  at  temperaturea  below 
-260*  F  indicatea  that  the  tranaition  temperature  may  not  be  far  below 
-800*  F. 

It  may  be  concluded  that  the  D-14  alloy  ia  not  aubject  to  brittle 
fracture  at  ordinary  atrain  ratea  at  temperaturea  from  -300*  F  to 
1200*  Fi  rather,  failure  by  general  yielding  occura.  with  apecimena 
containing  natural  oracka  (fatigue  ciwcka),  within  this  temperature 
range. 
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The  twnsilQ  properties  and  net  fracture  stress  of  stress- relieved 
FS-82  columbiuni  alloy  sheet  are  shown  as  functions  of  temperature 
in  Figure  15.  These  properties  are  also  shown  in  Tables  26  and  27 
in  Appendix  A.  Since  the  FS-82  was  ductile  down  to  the  lowest  test 
temperature,  -320°  F,  no  measurements  of  slow  crack  extension  by 
means  of  the  compliance  gag©  were  made,  and  no  values  of  the  fracture- 
toughness  parameter,  Kc,  are  reported. 

The  relative  maximum  in  the  ultimate  strength  at  about  900°  P 
is  evidence  of  strain  aging  in  the  FS-82.  According  to  the  data  given 
by  Wilcox  and  Huggins  (3),  a  relative  maximum  in  the  ultimate  strength 
of  unalloyed  coUimbium  at  this  temperature  and  at  the  strain  rate  used 
here  (about  10"*  sec  "M  enn  be  attributed  to  interstitial  nitrogen.  Their 
data  also  predicts  a  second  peak  at  a  lower  temt>crature  due  to  inter¬ 
stitial  oxygen.  Since  the  oxygon  content  of  the  P*S-82  was  relatively 
large,  a  strain  aging  |H.*.ak  at  a  temperature  below  900*  F  might  be 
expected.  Although  this  low- temperature  peak  did  not  occur  in  otir  data, 
tlu?re  is  evidence  in  Figure  15  that  there  may  be  anotlmr  strain-.tging 
peak  al  higher  temperatures  than  tho.se  siiown  since  the  ultimate  strength 
appears  to  increa.se  again  with  increasing  temperature  after  a  slight  drop 
at  1300°  F.  It  may  be  that  both  the  nitrogen-  and  oxygen- related  strain- 
aging  peaks  occur  at  higher  temperatiux'S  in  tlm  highly  alloyed  FS-82 
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sheet  (containing  over  34%  tantalum)  so  that  the  peak  actuallj"  observed 
is  attributable  to  interstitial  oxygen.  As  is  evident  in  Figure  15,  there 
is  no  significant  effect  on  net  fracture  stress  that  could  be  associated 
with  strain  aging  within  the  temperature  range  from  -320'’  F  to  1300®  F. 


C.  Strain-.Aging  Effects  in  Steels 

An  investigation  was  made  of  the  relative  maximum  in  tensile 
strength  and  an  apparently  associated  minimum  in  net  fracture  stress 
that  often  occur  at  temp>eratures  of  about  300°  F  to  400°  F  in  low-alloy 
and  carbon  steels.  These  effects  were  noted  in  a  prior  research 
program  conducted  at  Southern  Research  Institute  (4).  The  relative 
tensile- strength  maximum  is  thought  to  be  a  manifestation  of  the 
phenomenon  of  strain  aging.  Strain  aging  has  been  discussed  extensively 
by  Cottrell  and  Bilby  (5)*,  According  to  the  strain-aging  concept, 
there  is  an  equilibrium  atmosphere  of  interstitial  elements  around  a 
dislocation  in  a  metal.  This  atmosphere  tends  to  increase  the  resolved 
shear  stress  necessary  to  cause  the  dislocation  to  move,  i.  e.  ,  tends  ^ 
to  anchor  the  di.slocation.  Once  the  dislocation  has  broken  away  from 
the  interstitial  atmosphere  the  resolved  shear  stress  required  to 
move  it  decreases.  If  the  rate  of  diffusion  of  Uio  interstitial  elements 
is  increased,  the  atmosphere  is  able  to  travel  with  or  catch  up  to  the 
dislocation,  tending  to  retard  the  motion  of  the  dislocation  and  thus  to 
strengthen  the  material.  Thus  the  strengthening  effect  of  strain  aging 
is  manifested  when  the  temperature  is  in  a  range  that  allows  the  inter¬ 
stitials  to  diffuse  at  about  the  same  rate  that  the  dislocations  are  caused 
to  move  by  an  applied  stress.  At  lower  temperatures  Uie  inability  of 
the  interstitials  to  diffuse  rapidly  enough  allows  the  dislocations  to  bi'oak 
away  from  the  interstitial  atmospheres  under  an  applied  stress.  At 
higher  tempersi lures  the  ability  of  the  interstitials  to  diffuse  more 
rapidly  decreases  their  tendency  to  x'ctard  the  motion  of  dislocations. 

On  the  basis  of  this  explanation,  the  relative  maximum  should  be 
markedly  strain- rate  sensitive.  In  jwrticular,  since  diffusion  is  a 
time- rate  process,  a  higher  strain  rate  should  decrease  the  ability 
of  the  atmospheres  to  catch  up  to  the  dislocations,  and  thus  a  corres¬ 
ponding  decrease  in  the  height  of  the  maximum  would  bo  ex|>eetcd. 
Furlhor,  the  temperature  at  which  the  maxinmm  occurs  would  bd 
oxt>ected  to  increase  with  increasing  strain  rate. 


In  the  article  i*efei  red  to.  Cottrell  and  Bilby  are  mainly  concerned 
witli  interstitial  carbon,  but  similar  effects  have  been  attributed  to 
Interstitial  nitrogen. 
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As  a  first  step  In  this  study,  tensile-strength  data  were  obtained 
on  AISI  4190  steel  at  three  radically  different  strain  rates  and  over  a 
temperature  range  of  -100*  F  to  500*  F.  The  source  and  composition 
of  ^  4190  steel  are  shown  in  Table  9.  The  three  strain  rates  were 
1  X  10~*  in.  /in.  /sec.  5  x  10”*  in.  /in.  /sec.  and  0. 5  in.  /in.  /sec.  The 
tensile  specimens  were  the  same  as  those  described  in  the  specimen 
section  of  this  report  and  were  all  taken  with  the  sheet  rolling  direction 
along  the  long  axis.  The  specimens  were  oil-quenched  from  1570*  F 
and  then  tempered  at  400*  F  for  2  hours.  The  tensile  data  for  the  1  x  10~* 
in.  /in.  /sec  strain  rate  are  given  in  Table  28;  the  tensile  data  for  the 
5  X  10”*  in.  /in.  /sec  strain  rate  are  given  in  Table  29;  and  the  tensile 
data  for  the  0.  S  in.  /in.  /see  strain  rate  are  given  in  Table  90.  All  of 
these  tables  appear  in  Appendix  A. 

In  addition  to  the  standard  tensile  data,  data  were  obtained  on 
the  net  fracture  stress  of  centrally  fatigue- cracked  specimens  of 
quenched  and  tempered  4130  at  temperatures  from  -240*  F  to  about 
9S0*  F  or  higher.  The  fatigue- cracked  specimens  were  loaded  at 
three  different  free  crosshead  travel  rates  which  were  the  same  as 
those  used  to  produce  the  three  different  strain  rates  in  the  standard 
tensile  specimens.  Since  "strain  rate"  is  not  an  applicable  term  for 
fatigue- cracked  specimens,  average  loading  rates  are  reported  for 
the  Oiree  different  crosshead  travel  ratea.  The  loading  rate  compar¬ 
able  to  each  strain  rate  is  given  below: 

Strain  Rate  Comparable  Loading  Rate 

1  X  10'*  in.  /in.  /sec  4  pounds/sec 

5  X  10”*  in.  /in.  /sec  2  x  10*  pounds/sec 

0.  S  in.  /in.  /sec  2  x  10*  pounds /sec 

These  values  were  calculated  from  measurements  of  time  to  failure 
and  maximum  load  and  are  therefore  only  average  values. 

The  fracture- atrength  data  at  a  loading  rate  of  4  pounda/aec 
are  given  in  Table  91,  the  atrength  data  at  a  loading  rate  of  2  x  10* 
pounda/aec  are  given  in  Table  and  the  etrength  data  at  a  loading 
rate  of  2  x  10*  pounda/aec  are  given  in  Table  39.  All  of  these  tables 
appear  In  Appendix  A.  The  tenellc  data  and  net  fracture  etrength  are 
presented  graphically  as  functions  of  temperature  for  three  different 
ratea  in  Figures  10.  IT.  and  18. 
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Fiyiire  19  compares  the  ultimate  tensile  strength  of  AISI  4130 
steel  sheet  as  a  function  of  temperature  for  the  three  different  strain 
rates.  As  expected,  the  relative  maximum  was  quite  strain-rale 
sensitive.  The  difference  Is  most  evident  between  tlje  very  high 
strain  rate  and  the  very  low  strain  rate.  At  the  low  strain  rate,  Ute 
ma.ximum  occurs  at  about  200*  P';  for  the  very  high  strain  rate,  Uio 
maximum  has  essentially  disappeared.  At  the  Intermediate  strain 
rate,  the  maximum  has  shifted  te  temperatttre  of  alwnt  400*  P. 
Apparently,  even  at  this  moderately  rapid  strain  rate,  the  material 
can  still  be  .strengthened  by  the  diffusion  of  interstitial  atmospheres 
to  re-anchor  dislocations,  but  Um  added  mobility  imparled  by  a  higher 
temperaluiHt  is*  requix*ed* 


-mtttMOU  •MVin,'** 


T'JfiMif*  N<-t  <ra»n«n.-  .4  M-mp*'!***)  MSJ  4130  «V<-1  ’4»r»-t  ill  ihiw 

tiwi'linc 


Figure  20  conT^Txres  the  net  fracture  stress  of  fatigue- tracked 
AISI  4130  Steel  sheet  as  a  function  of  ^'~^V*5vature  for  the  three 
different  loading  rates.  It  is  appare:  ^4  for  the  slow  and  inter¬ 

mediate  loading  rates  there  is  a  rol^vw-  I'racture-stress  minimum 
in  approximately  the  sam  temperature  range  where  the  maximum 
appeared  in  tensile- stren/ztth  properties.  At  the  very  high  loading 
rate  there  is  virtually  na  relative  minimum  in  the  NFS- vs- temperature 
plot,  corresponding  to  the  lack  of  a  strain-aging  p.',‘ak  in  the  tenaiU^ 
data  at  the  corresponding  loa<^wv<j  rate. 

One  of  the  aaolybd^/uun  alloys.  Mo  0  0.  08-Zr.  exhibited 

a  pronounced  strain  aging  effect  af  thout  J*  P.  It  is  interesting 
to  note  that  this  TZM  alloy  contained  siguvlt^cantly  more  nitrogen 
(33  ppm)  than  the  two  ulher  molybdenum  »\eet  ^terials  (about  15 
ppm)  in  which  tUtre  was  only  t;  :ht  r^'S^./ice  jraln  aging.  The 
levels  of  the  other  interst/*iftl  gases,  ^nd  hydrogen,  wer^ 

essentially  the  satiuQ  in  alV  three  of  the  materials,  awd 

the  carbon  content  of  tlid  TZM  U:iloy  was  a<‘'  ty  lower  than  that  of 
both  the  unalloyed  molybdenum  and  the  Mo  alloy. 

The  nitrogen  co<ntent  %e  A  'HV  4130  steel,  as  shown  in  TsiWd  ^ 
of  this  report,  is  also  slgf,  ,  aal'}  120  ppm.  It  seeing 

probable  that  the  strain-agtng  effoev  J  obSQL'vdd  both  in  tl^'^  low-alloy 
steels  and  tlie  rolractory  metals  cai  be  largely  atti'lbuled  to  tlie 
nitrogen  content  of  these  materials. 
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In  addition  to  the  strain-aging  effects,  another  effect  of  loading 
rale  on  fracture  behavior  is  shown  in  Figure  20,  -namely,  .the  effect 
on  the  brittle-ductile  transition  temperature.  It  has  been  suggested 
that  the  resistance  to  brittle  fracture  of  tempered  martensite  should 
be  affected  only  slightly  by  variations  in  loading  rate,  since  the  yield 
strength  of  this  structure  is  increased  only  moderately  by  rather 
large  increases  in  loading  rate.  As  is  shown  in  Figure  20,  this  is 
indeed  true  for  the  tempered  martensitic  structure  of  tlie  .4151  4130 
steel.  An  increase  in  loading  rale  of  nearly  five  orders  of  magnitude 
resulted  in  a  rather  small  increase  in  the  net-fracture-stress  transition 
temperature.  At  temperatures  above  the  transition  temperature, 
increasing  the  loading  rate  increased  tlie  net  fracture  stress. 

In  a  further  study  of  the  effects  of  strain  I’ate  on  the  strain- 
aging  phenomenon,  the  standard  tensile  properties  and  net  fracture 
stress  of  hot- rolled  AISI  1020  steel  sheet  were  evaluated  at  tempera¬ 
tures  in  the  range  -320®  F  to  450®  F.  Two  radically  different  strain 
rates  were  used.  These  strain  rates  and  their  comparable  loading 
rates  were  almost  identical  with  the  maximum  (0.  5  in.  /in.  /sec)  and 
minimum  1  x  10~®  in.  /i.n.  /sec)  strain  rates  used  in  the  evaluation  of 
AISI  4130. 

The  type  crack-propagation  specimen  (shown  in  Figure  2)  used 
in  the  evaluation  of  AISI  1020  sheet  permitted  the  use  of  the  clip-on 
compliance  gage.  For  calibration  of  the  compliance  gage,  the.  length 
of  tije  central- fatigue  cracks  in  some  of  the  crack- propagation  speci¬ 
mens  varied  frpm  0.  3  in.  to  0.  9  in.  For  the  evaluation  of  the  effects 
of  loading  rate  on  the  fracture  toughness  of  the  1020  steel,  specimens 
with  a  fatigue  crack  length  of  0.  5  in.  were  used. 

The  tensile  properties  of  AISI  1020  steel  sheet  at  the  high  strain 
rate  ai-e  given  in  Table  34;  the  fracture  strength  properties  at  the 
equivalent  high  loading  rate  are  given  in  Table  35.  The  tensile  proper¬ 
ties  of  AISI  1020  steel  sheet  at  the  low  strain  rate  are  given  in  T'able  36; 
the  fracture  strength  properties  at  the  equivalent  low  loading  rate  are 
given  in  Table  37.  These  tables  appear  in  Appendix  A,  The  0.2%- 
offset  yield  strength,  ultimate  strength,  and  not  fracture  stress  are 
given  graphically  as  functions  of  temperature  for  Uie  high  and  low 
croKshoad- travel  rates  in  Figures  21  and 22  respectively.  In  Figure  23 
the  ultimate  tensile  strengtti  vs  temperature  curves  at  the  two  strain 
rates  are  plotted  together,  and  in  Figure  24  tire  net  fractura  strops  vs 
tcn>i>eraturc  curves  at  tire  two  diffex'ent  loading  rates  are  plotted  togetlrer. 
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In  Fl|i^  it  it  liliown  thtt  the  ultimate  tensile  strength  has 
a  relative  maximum  at  about  400*  F  at  the  low  strain  rate.  At  the 
hijgh  strain  rate  this  maximum  has  either  disappeared  or  shifted  to 
temperahirea  above  &ose  shown.  This  relative  maximum  is  probably 
a  result  ^  strain  aging  in  ttie  material.  Such  strain-aging  peaks  are 
normally  shifted  to  higher  temperatures  with  increasing  strain  rates. 


The  strain-aging  peak  of  AISI 1030  may  be  compared  with  that 
of  tempered  AISI  4130.  For  the  strain  rate  of  1  x  10“*  in.  /in.  /sec, 
the  strengdt  peak  of  A]SI  4130  occurs  at  around  200*  F.  In  AISI  1030 
steel,  althouidt  there  is  slight  evidence  of  a  strengthening  effect  at 
200*  F,  the  main  strengthening  occurs  at  400*  F.  It  is  thoui^t  that 
this  difference  in  the  temperature  for  the  occurrence  of  strain  aging 
in  the  two  steels  is  attributable  to  the  effects  of  structural  differences 
between  the  steels-a  tempered  martensite  in  the  4130  and  ferrite  and 
fine  pearlite  in  the  1030. 


In  Figure  21  it  is  seen  that,  at  the  high  loading  rate,  there  is 
a  rather  abrupt  decrease  in  the  net  fracture  stress  of  the  1020  below 
about  -100*  F.  As  shown  in  Figure  22,  the  net  fracture  stress  of  the 
1030  at  the  slow  loading  rate  la  essentially  the  same  over  the  entire 
temperature  range  from  450*  F  to  -330*  F.  It  is  interesting  that,  for 
both  loading  rate^.  the  net  fracture  stress  became  lower  than  the 
yield  strength  at  approximately  the  same  temperature,  around  -185*  F 
to  -160*  F. 


From  these  experiments  with  AISI  4130  steel,  heat  treated  to 
a  strength  level  of  350,000  psi,  and  with  hot- rolled  AISI  1020  steel, 
it  seems  that  the  occurrence  of  a  net-fracture- stress  minimum  in 
the  strain-aging  temperature  range  (300*  -400*  F)  is  probably  depend¬ 
ent  on  the  structure  of  the  material.  The  net-fracture- stress  minimum 
was  not  observed  in  the  relatively  low  strength  1030,  but  it  was  fairly 
pronounced  in  ttte  higher  strength  4130,  whose  structure  was  tempered 
martensite.  Titts  minimum  has  slab  been  noted  in  other  bi|^-strength 
low-alloy  steels  (4). 


VI.  COIIPLlANC£-GAG£  EXPEIUMBNl^ 


This  section  of  ttte  report  contains  a  description  of  the  develop¬ 
ment  end  preliminary  use  of  s  specUil  device  for  raesaurtng  slow  crack 
growth  in  crack-propagation  teats.  The  devlcs  described  here,  which 
is  called  a  compliance  gage,  la  a  modification  of  the  scheme  originated 
at  the  U.  S.  Naval  Research  Laboratory  by  Krafft  and  Boyle  (6.  1). 
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Tb#  c6iilii(>ltan<i«  of  determining  critical  crack 

without  tme  of  iidtt  or  etaine.  end  it  may  be  used  over  a 
wUht  temperature  range. 

Boyle  (6)  haa  described  a  method  of  measuring  the  mechanical 
compliance,  u^ieh  is  the  extension-load  ratio,  of  a  central  notched 
or  cracked  sheet  specimen  and  has  demonstrated  how  this  measure- 
meht  of  compliance  can  be  used  to  give  a  reliable  estimate  of  notch 
depth  or  of  notch  depth  plus  cracks  extending  from  the  notch  roots. 

The  method  is  based  on  the  fact  that  the  compliance  of  a  centrally 
cracked  sheet  is  a  function  of  the  length  of  the  crack  (more  accurately 
a  function  of  die  projection  of  the  length  of  the  crack  on  the  transverse 
axis).  As  a  crack  extends,  the  compliance  increases  (stress  now 
being  taken  as  the  gross  stress  calculated  from  the  dimensions  of  the 
uneracked  specimen)  finally  increasing  without  bounds  as  the  crack 
reaches  the  edges  of  the  specimen.  As  tension  is  applied  to  a  cen¬ 
trally  cracked  sheet  specimen,  the  extension  of  the  specimen  increases 
apprmtimately  linearly  with  applied  gross  stress  until  a  stress  level  is 
reached  at  which  crack  extension  occurs.  As  the  crack  extends,  the 
slope  of  the  load-extension  curve  decreases  (load  as  ordinate)  because 
of  die  increased  compliance  of  the  specimen.  When  the  stress  reaches 
an  appropriate  level,  the  specimen  fails  (the  crack  propagates  rapidly 
across  the  remaining  specimen  width).  In  order  for  the  calculation  of 
critical  crack  length  to  be  valid,  it  must  be  assumed  that  the  compliance 
calculated  from  the  slope  of  a  line  drawn  from  the  origin  of  the  load- 
extension  curve  to  the  point  of  discontinuity  is  the  same  as  the  compliance 
of  a  specimen  that  contains  an  original  crack  the  same  length  as  the 
critical  crack.  Boyle  demonstrated  that  this  assumption  is  valid. 

Boyle  used  an  extensometer  arrangement  that  measures  the 
displacement  between  two  points  on  the  central  axis  of  the  specimen- 
one  below  and  one  above  the  crack.  For  ordinary  tensile  determinations 
Southern  Research  Institute  has  developed  and  used  extensively  a  simple 
extensometer  that  clips  on  to  lugs  machined  at  the  apeoimen  gage  pointa. 
Since  this  extsnsomster  has  been  employed  successfully  in  a  variety  of 
atmospheree  and  at  temperatures  from  -320*  F  to  S(XN)*  F,  it  was  con¬ 
sidered  desiratde  to  eee  If  the  extensometer  might  be  employed  In  the 
messurement  of  eoropllnnce  for  crtticsl  crack-length  determination. 

The  advantagea  of  being  able  to  measure  critical  crack  lengths  In  inert 
stmospheres  end  st  temperstures  from  -330*  F  to  3000*  F  ere  obvioue. 

A  dlsgram  of  the  exteneometer  srrsngement  In  piece  on  a  centrally 
cracked  specimen  was  shown  in  Figure  3,  in  a  previous  section  of  the 
report. 


Irwin  ha*  indicated  that  compliance,  measured  away  from  the 
specimen  central  axis,  is  not  as  large  as  compliance  measured  on 
Um  axis  (8).  Accordingly,  it  was  decided  to  determine  whether  the 
sensitivity  obtained  in  measuring  compliance  of  the  specimen  edges 
was  sufficient  for  determinations  of  slow  crack  extension.  First,  an 
analysis  was  carried  out.  based  on  Irwin's  modification  of  Wester- 
gaard's  equation  (9).  for  compliance  as  measured  at  the  edges  of  the 
specimen.  Figure  25  shows  Ae  plot  of  compliance  as  a  function  of 
crack  length  from  the  derived  equation: 

(1  V  )  ^ 

- w 

sin*  ~ 

_ 

cosh* 

w 

The  units  are  those  used  by  Irwin  and  Boyle  (6.  9):  a  is  one-half  of 
the  crack  length,  w  is  the  specimen  width,  v  is  one^U  of  the  speci> 
men  extension.  nTs  the  gross  stress  calculated  from  the  dimensions 
of  the  uncrackecTspecimen.  and  E  is  Young's  modulus.  Appendix  B 
shows  the  derivation  of  the  equation  that  adapts  the  Irwin- Wes tergaard 
equation  for  complisnce  at  the  edges  of  the  specimen.  A  compliance 
vs  crack-length  calibration  curve  was  prepared  in  much  the  same 
manner  as  that  by  Boyle  (O):  specimens  were  prepared  having  different 
original  crack  lengths;  U\e  compliance  of  each  specimen  was  measured; 
then  the  specimens  were  fractured  and  the  actual  starting  crack  length 
measured.  The  complianoe  of  the  specimens  was  measured  under  two 
different  conditions:  at  very  sntall  applied  stresses  and  at  stresses 
70  •  80%  of  that  required  to  produce  crack  extension. 

The  compliances  measured  at  low  stress  gave  much  better 
agreement  with  the  theoretlca.\  curve  Uisn  the  compliances  measured 
at  the  higher  stress.  This,  of  course,  is  to  be  expected  since  the 
stress  analysis  is  valid  only  for  very  small  strains.  The  compliances 
at  low  stress  are  plotted  along  with  the  theoretical  curve  in  Figure  25. 
Compliances  at  the  higher  stress  level  are  plotted  as  functions  of  crack- 
leng^  parameter  va/w  in  Figure  .96.  The  difference  in  compliance 
values  for  these  two  different  meti^ods  of  measurement  demonstrates 
that  the  "elastic  region"  of  a  load- extension  curve  for  a  central  cracked 
specimen  is  not  really  linear  but  curved.  One  may,  then,  speak  of  two 
distinct  compliances:  one  the  limit  of  compliance  as  stress  approaches 
zero  (which  is  compliance  described  in  the  stress  analysis),  and  the 
other  a  practical  compliance  taken  as  the  average  compliance  over  Uic 
so-called  elastic  region. 
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Figure  25  is  the  curve  that  was  used  in  actual  practice  for  the 
determination  of  critical  crack  length.  The  curve  shown  is  not  well 
defined  at  or  below  na/w  values  of  0.  55,  but  for  the  usual  crack- 
propagation  specimens  the  origiiFl  crack  length  gives  a  Jra/w  value 
of  about  0.  52  so  that  the  main  concei'n  is  with  traAv  values  greater 
than  0  52.  Hot-rolled  AISI  1020  steel  sheet  was  used  for  determina 
tion  of  the  calibration.  The  determinations  were  made  in  air  at 
room  temperature.  The  calibration  curve  should  be  valid  for  other 
materials  and  at  other  temperatures.  All  that  is  required  is  that 
Young’s  modulus  bo  known  for  the  material  at  the  desired  tempera¬ 
ture. 


Experiments  with  the  compliance  gage  were  made  to  determine 
the  effectiveness  of  the  gage  in  following  slow  crack  e.xtcnsion  at 
several  tompex'atures  and  to  determine  the  reproducibility  of  the 
fracture- toughness  values  obtained  at  a  .single  tempei’aturc.  Specimens 
for  these  experiments  were  prepared  from  two  high-strength  steels— 
300  M  and  AISI  4340- both  of  which  have  quite  limited  ductility  over  a 
X'alher  wide  tomperuUu’c  range  above  the  brittle-ductile  transition 
when  they  are  heat  treated  to  a  high  nominal  strength  level.  It  seemed 
pt'obuble  that  within  this  temperature  range  it  would  be  possible  to 
select  a  particular  tcniperature  at  which  sufficient  slow  cx'ack  growth 
would  occur  for  a  reasonable  assessment  of  the  I'cpx'oducibiUty  of  tlic 
compliance-gage  measurements.  The  experiments  are  described  in 
two  of  the  following  sections,  oitc  section  covering  the  300  M  and  Uic 
other  covering  Uio  AISI  4340. 
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With  l  1  P^’elirainary  experiments,  made 

Tf  ^h-  ^  *  w»pl«*  of  7075- t6  aluminum  alloy,  to  evaluate  the  use 

‘^•‘•*‘®toing  the  plane-strain  fracturs- 
touf^ess.  Kjc.  The  potential  use  for  the  compliance  sace  has  been 

Kic  determination  has  been  called  the  “crack  pop-in“  method. 


A.  300  M 


Standard  tensile  specimens  and  crack-propaeation  snecimene 
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engtha  were  varied,  and  these  cuts  were  extended  by  fatiguing  to 
final  crack  lengths  of  from  0. 50  to  0. 93  in.  These  specimens  were 
“■  calibration  sUndarda  to  check  the  original  calibration  curve 

heat  treated  as  follows:  austenitized  at  1600*  F  for  30  min,  oil  quenched' 

ieTc^!L!v‘r  .h*  f  W  calibration  data  Conformed 
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The  remaining  300  M  cnck-propagation  specimens,  containing 
fatigue  cracka  of  nominally  0. 5  in.  in  length,  were  fractured  at 
varioua  temperatures  from  7S*  F  to  800*  F  to  determine  the  effect  of 
temperature  on  slow  crack  growth  and  the  ability  of  the  compliance 
gage  to  measure  slow  crack  growdi  reproducibly.  It  was  found  that, 
althou^  an  appMciable  amount  of  alow  crack  growth  occurred  at  75*  F 
and  100*  F.  the  cracka  grew  to  considerably  greater  lengths  at  400*  F. 
Again,  at  600*  F  and  800*  F,  generally  less  alow  crack  growth  occurred 
than  at  400*  F.  Therefore,  a  number  of  samples  were  run  at  400*  F  as 
a  reproducibility  check  on  the  compliance  measurements.  Standard 
tensile  pr<4)erties  of  the  300  M  were  also  obtained  at  these  same  temp¬ 
eratures,  since  yield  strength  and  elastic  modulus  are  needed  in  the 
calculation  of  the  fracture- toui^hness  parameter,  Kc.  The  standard 
tensile  properties  are  shown  in  Table  39,  and  die  crack  propagation 
properties  are  shown  in  Table  40.  Both  of  these  tables  appear  in 
Appendix  A.  Both  the  standard  tensile  properties  and  crack-propagation 
properties  are  plotted  as  functions  of  temperature  in  Figure  88.  It  is 
interesting  that  the  greatest  amount  ot  alow  crack  growth  (largest 
critical  crack  length)  occurs  at  the  same  temperature  (400*  F)  at  which 
there  is  a  minimum  in  net  fracture  stress  and  a  maximum  ultimate 
tensile  strength.  Since  the  combination  of  lowered  fracture  streaa 
and  increased  critical  crack  length  tend  to  have  a  emnpensating  effect, 
there  is  little  change  in  the  fracture- tou^ness  parameter,  K^,  in  this 
region.  Apparently,  the  increased  amount  of  slow  crack  growth  may 
be  associated  with  a  "low-energy  shear"  mechanism,  which  in  turn 
accounts  for  the  lowered  net  fracture  stress  in  this  temperature  range. 

Values  of  at  400*  F  for  300  M  varied  from  88. 4  to  138  kal  K  in."} 
for  five  of  the  seven  determinations,  the  values  were  within  about  ±15% 
of  the  average  for  the  grcup-llO  ksl  -^ih. 
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B.  AISI4840 


Several  standard  tensile  apecimena  and  crack-propagation 
specimens  were  prepared  from  0. 064-in.  Qiick  AISI  4340  sheet. 

^e  4340  fatigue- cracked  specimens  all  had  nominal  crack  lengths 
of  0.  S  in.  The  specimens  were  austenitized  at  1600*  F  for  30  min, 
oil  quenched,  and  then  tempered  twice  at  400*  F  for  2  hr.  The 
standard  tensile  properties  and  crack-propagation  properties  were 
determined  at  350*  F,  at  which  temperature  a  minimum  in  net 
fracture  stress  was  known  to  occur  for  4340  heat  treated  to  this 
strength  level.  These  properties  are  shown  in  Tables  40  and  40 
in  Appendix  A.  As  was  found  for  the  300  M,  the  4340  sheet  under¬ 
went  considerable  slow  crack  growth  before  fracturing  at  elevated 
temperature.  Values  of  for  the  4340  ranged  from  210  to  274  kai  N  in. 
with  an  average  of  250  kai  for  the  five  determinations  (See  Table  41 
Appendix  A).  The  fact  that  the  toughness  of  the  4340  was  apparently 
much  greater  than  that  of  the  300  M  for  the  same  tensile  strength  level 
(280  kai)  is  probably  partly  attributable  to  the  greater  thickness  of  the 
300  M  samples~0. 080  in.  as  opposed  to  0.064  in.  for  the  4340— since 
toughness  is  known  to  decrease  with  increasing  sheet  thickness.  In 
any  event,  the  toughness  of  the  4340  is  surprisingly  high  (250  ksl 
for  conditions  under  which  the  net  fracture  stress  is  only  about  70%  of 
the  yield  strength. 

Experiments  with  two  additional  fatigue-cracked  specimens  of 
4340  lend  confirmation  to  the  accuracy  of  crack-length  determination 
with  the  compliance  gage.  In  these  experiments  the  samples  were 
loaded  in  tension  at  350*  P  until  the  compliance  curve  indicated  a 
significant  amount  of  slow  ciwck  extension  had  occurred,  and  then  the 
loading  was  discontinued.  The  samples  were  then  held  in  a  muffle 
furnace  at  400*  F  for  several  hours  to  heat- tint  the  surfaces  of  the 
cracks.  The  samples  were  then  fractured,  at  room  temperature, 
and  the  lengths  of  the  heat- tinted  fracture  surfaces  were  measured. 
These  measured  values  of  crack  length  are  consistent  with  the  crack 
lengths  calculated  from  the  compliance  ckita  as  is  shown  in  the  following 
tatMilation: 


Measured  Extended 

Calculated  Extended 

Initial  Fatigue 

Crack  Length 

Crack  Length 

(Heat-Tint) 

0.50 

0.78 

0.81 

0.64 

0.71 

0. 73 

C.  7076-T6,  Kic  E>q>ertoientt 

Another  potential  use  for  the  compliance  gage  in  fracture- 
tooi^ess  determinations  has  been  reported  by  Krafft  and  Boyle  (10). 
These  invsstigatora  found  that  coincident  with  the  audible  ''clicks" 
that  occur  at  radier  high  stresses  in  crack-propagation  specimens, 
immediately  prior  to  measurable  slow- crack  extension,  there  eras  a 
small,  sudden  displacement  indicated  by  the  compliance  gage.  It 
was  thou^t  that  this  displacement  occurred  as  the  initial  sharp  notdi 
or  fatigue  crack  "popped- in"  to  a  more  stable  crack  front  for  slow 
growth.  Assuming  that  the  material  had  sufficient  toughness,  some 
slow  crack  extension  would  then  occur  prior  to  fracture.  During 
this  latter  period,  the  behavior  of  the  crack  would  be  governed  by 
the  I  '.ane-stress  crack  extension  force,  Gc>  and  the  plane- stress 
intensity  parameter,  Kq.  However,  it  seemed  probable  that  the 
crack  "pop- in"  behavior  could  correlate  widi  the  plane- strain  param¬ 
eter,  Gic>  since  crack  pop-in  occurred  before  the  development  of  a 
plastic  xone  at  the  crack  tip.  If  such  a  correlation  could  be  shown, 
the  crack  pop- in  stress  could  be  used  to  calculate  a  Q- value  that 
would  be  a  good  approximation  of  Gic  for  the  material. 

Krafft  and  Boyle  showed  that  for  7075- TO  aluminum  the  "Gnc" 
values,  calculated  from  pop- in  stress  obtained  with  the  compliance- 
gage  on  sheet  specimens  up  to  6  in.  wide  and  containing  "internal" 
sharp  notches,  were  very  close  to  the  values  for  Kic  obtained  by  means 
of  circumferentially-notched  bar  apeeimens  of  7075-T0. 

Some  experiments  were  conducted  in  the  latter  part  of  this 
program  to  determine  whether  crack  p<^-in  could  be  detected  with 
the  Sm  compliance  gage  attadied  to  the  edges  of  speclmena  of  ordbiary 
sixe.  In  the  first  experlmenta,  fatigue-cracked  apeeimens  Identical 
with  that  shown  in  Figure  t  were  prepared  from  0.000-in.  -thick 
7075-T6  sheet.  These  specimens  were  loaded  to  failure  in  a  Tinius 
Olsen  tensile  machine  fitted  with  a  strain-gage  load  cell  and  with  the 
compliance  gage  positioned  at  the  3  in.  gage  points  on  the  specimen- 
edge  lugs.  From  the  load-deflection  curve,  traced  on  an  X-Y  recorder, 
the  load  at  crack  pop- in  was  obtained  from  the  discontinuity  in  the  load- 
displacement  curve.  The  gross  stress,  representing  this  load  value, 
was  then  used  to  calculate  the  '*Gnc'*  ^  Ihe  following  relationship: 

In  this  equation,  Bq  is  the  initial  half  crack-length  or  half  notch-depth. 
By  means  of  the  relationship  between  G  and  K.  a  corresponding  value 
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for  the  atroM  intenaity  jparameter  Knc  calculated  aa  follows: 

s 

Knc*  *  ||  _  Gne*  where  v  >  Poiaaon'a  ratio. 

Valuea  for  Gnc<  >■  determined  with  the  7075- T6  fatigue*  cracked 
apecimens.  averaged  about  6S  Ib/in. .  which  is  extremely  low  com¬ 
pared  with  the  value  of  about  145  Ib/in.  reported  by  Krafft  and  Boyle 
for  Kjc  determined  with  circumferentially-notched  bars  of  7075- T5. 

It  was  decided  to  run  some  crack  pop- in  experiments  with  speci¬ 
mens  containing  internal  notches  ("shear  cracks")  rather  than  natural 
fatigue  cracks.  This  decision  was  predicated  on  the  idea  that  the  plane- 
strain  tou|0mess  may  be  more  clearly  manifested  by  a  crack  pop- in 
event  that  includes  the  development  of  a  crack  from  a  high  stress- 
concentration.  The  specimens  used  in  these  experiments  were  aimilar 
to  those  in  the  prior  pop-in  experiments,  except  that  they  contained, 
instead  of  fatigue  cracks,  a  transverse  shear  punch,  or  "shear  crack, " 
about  0. 43  in.  in  length.  The  preparation  of  the  shear- cracked  apecl- 
mena  has  been  described  in  reports  of  a  previous  contract  for  the 
Bureau  of  Naval  Weapons  (4).  The  feature  of  this  specimen  believed 
to  be  important  to  the  experiments  described  here  is  that  the  initial 
notch  "front"  is  convex.  Therefore,  when  pop-ln  occurs  in  a  shear- 
cracked  specimen  there  is  a  very  large  change  in  this  front,  and  it 
would  be  expected  that  a  rather  large  deflection  would  be  recorded. 
Several  shear- cracked  specimens  of  the  7075- T5  were  loaded  In  the 
Tinius  Olsen  machine  by  the  same  procedure  as  has  been  described 
for  the  fatigue- cracked  specimens.  A  typical  load-deflection  curve 
for  a  shear-cracked  specimen  is  shown  in  Figure  29.  Crack  pop-tn 
for  this  specimen  occurred  at  a  load  of  5390  lb,  as  ie  shown  by  the 
discontinuity  in  the  load-deflection  curve  at  that  point.  Beyond  the 
pop- in  point,  slow  crack  extension  is  evidenced  by  the  changing  slope, 
and  fracture  occurred  at  a  load  of  5750  lb. 

Replicate  values  of  Gnc  and  Kqc,  calculated  from  the  crack  pop-in 
stress  and  initial  crack  lengths  for  shear- cracked  specimens  of  7076- T5 
aluminum  sheet,  0.000  in.  thick,  are  shown  in  the  following  tabulation: 


One 

Knc 

ib/in. 

psif^ 

198 

40.500 

148 

46.800 

150 

40.000 

167 

47,800 

156 

48,500 

Avg  T8S 

iOOT 
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Figure  29.  Corapllance  curve  for  eliear-crack  specimen  of  7075- t6 
elamiaam  sheet,  shoving  creek  pop- in  displacement. 
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This  average  value  of  155  in.  rlb/in.  *  for  agrees  fairly  well  with 
the  value  of  about  145  in.  -Ib/in.  ^  for  Gjc'  reported  by  Krafft  and  Boyle 
(10)  for  large  diaiueter  (2  to  4  in.)  circumferentially-notched  bars  of 
7075-TC  aluminum. 

It  appears  that  the  ccmpliance  gage,  attached  to  the  edges  of 
sheet  crack-propagation  specimens  of  ordinary  size  (1.5  in.  wide), 
can  be  reliably  used  to  determine  critical  crack  length  for  Kc  or  Gc 
determinations.  It  seems  possible  that  the  Kj.(c  or  Gj^^  value, 
calculated  from  the  crack  pop-in  stress  and  the  initial  "crack"  length, 
may  correlate  with  the  plane- strain  toughness  parameters, 

Gjc,  although  certain  requirements  for  the  specimen  have  yet  to  be 
clarified. 


VII.  CONCl^USIONS 

1.  The  nickel-base  super  alloys—Rene’ 41,  Nimonic  90, 
Inconel-X,  and  Unitemp  1753— all  showed  a  slight  tendency  toward 
br:*‘.ieness  ,’n  the  particular  elevated  temperatutv  range  in  which 
these  materials  are  vtsually  "aged"  as  a  part  of  their  heat  treatments. 
This  "briUlenoss"  tendency  was  tnanifosled  by  a  decrease  in  the  ratio 
of  net  fracture  stress  io  yield  strength,  this  ratio  becoming  less  tiian 
unity  at  temperatures  generally  from  1000“  F  to  1400"  F,  depending 
upon  the  alloy.  The  austenitic  irott'base  super  alloy,  A-286,  and  the 
cobalt-base  alloy  L  605,  did  not  show  this  brittleness  tendency  over 
the  temperature  range  of  their  usual  service  exposure— Uiat  is,  up  to 
about  1600"  F. 

2.  Among  the  refractory  Jnetals,  tungsten  slioet,  prepared! 
from  pres-s^ed-and- sintered  powder,  had  a  brittle-ductile  transition 
temperature  in  the  range  from  300*  F  to  500“  F.  The  brittle -ductile 
transition  temperatures  for  sheet  specimens  of  utuilloyed  molybdenum, 
molybdenum  1/2%- titanium,  and  T2M  molybdenum,  \vere  respectively 
150"  F,  05“  F.  and  65“  F,  The  two  columbium-base  alloys -D- 14  and 
F.S-82— were  ductile  ovtn'  the  temperature  range  from  -300^  F  to  1200*  F. 
There  was  some  evidence  of  strain-aging  effects  in  the  strength 
properties  of  the  refractory  nsetals,  iti  particular  the  molybdenum', 
The.se  effects  were  manifested  by  tensile  strengOi  maxima  at  certain 
elevated  temperatures,  ilu?  TZM  molybdenum  also  exhibited  a 
fracture- stress  minimum  in  the  strtiin-aging  tem|ntrature  range. 
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3.  In  a  further  investigation  of  similar  strain-aging  effects 
in  steels,  it  was  found  that  the  degree  of  strengthening  and  the 
temperature  at  which  the  strengthening  occurred  were  both  functions 
of  the  strain  rate.  Increasing  the  strain  rate  increased  the  temper¬ 
ature  at  which  the  strength  maximum  occurred  and  diminished  the- 
strengtlicning  effect.  Increasing  the  loading  rate  by  about  five 
orders  of  magnitude  either  eliminated  the  net-fracture-stress  mini¬ 
mum.  at  the  strain  aging  temperature,  oi-  displaced  this  minimum 
to  a  considerably  higher  temperature.  The  occurrence  of  the  net- 
fracture-s tress  minima  in  steels  at  strain-aging  temperatures  is  • 
apparently  dependent  upon  the  structural  characterisrics,  the  experi¬ 
mental  evidence  indicating  that  the  lower  strength  steels  are  not 
subject  to  this  phenomenon  while  the  low-alloy  steels  heat  treated  to 
high  strength  levels  are  subject  to  the  fracture  strength  minimum. 

In  the  refractory  metals,  no  correlations  between  tensile- strength 
maxima  and  net-fracture- strength  minima  could  be  established. 

4.  Experiments  with  a  compliance  gage  attached  to  the  edges 
of  fatigue- cracked  specimens  of  several  materials  indicated  that 
this  device  can  be  used  to  make  reproducible  determinations  of 
critical  crack  length  during  crack-propagation  tests  of  sheet  materials 
at  various  temperatures.  From  these  determinations  direct  calcula¬ 
tions  of  the  fracture- tovighncss  parameters,  Gc  and  K^,  can  be  made. 
In  addition,  preliminary  experiments  have  shown  that  the  ’’crack 

pop- in'*  stress,  obtained  by  means  of  the  compliance  gage  attached 
to  shear- cracked  specimens,  can  be  used  to  calculate  parameters, 

Gnc  or  that  appear  to  correlate  with  the  plane- strain  toughness 

parameters,  Gj^  nnd  Kj^- 

VIII.  RECOMMENDATIONS 

It  is  believed  that  the  compliance  gage  should  be  exploited  to 
determine  the  effects  of  various  environmental  conditions  on  the 
fracture  toughness  of  important  high-strength  structural  materials. 
Since  the  gage  can  be  used  at  virtually  any  temperature  within  the 
usual  range  of  service  of  these  structural  materials,  the  effects  of 
temperature  on  the  fracture-toughness  parameters  can  be  reliably 
determined.  In  addition,  the  effects  of  other  variables  such  as 
loading  rate,  atmosphere  (including  very  low  pressures),  prolonged 
static  load,  and  load  cycles  could  be  evaluated  in  terms  of  fracture 
mechanics. 
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The  encouraging  remits  obtained  in  the  ’’crack  pop- in"  experi¬ 
ments  eith  shear- cracked  specimens  indicate  that  some  further  work 
would  be  profitable  to  determine  whether  plane -strain  toughness  can 
be  reliably  determined  for  the  high-strength  steels  by  means  of  these 
specimens. 
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APPENDIX  A 
Data  Tables 

Tensile  Properties  and  Crack-Propagation  Properties 
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Tensile  Properties  of  Aged^  Inconel-X  Sheet  at  Different  Temperatures  and  a  Nominal 
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•  Table  5 

Fracture  Strength  of  Fatigue- Cracked',  Aged^  Inconel-X  Sheet 
at  Different  Temperatures 

Specimens  Loaded  to  Failure  at  a  Free 
Crosshead- Travel  Rate  of  Q.  01  in,  /min 


Temp  Net  Fracture  Fracture  Appearance 
F  Stress,  ksi  Percent  Shear 


75  134.5  too 

75  IS3.0  100 

Avg  ■  133.8  100 

300  130.0  ;  100 

500  121.5  -  100 

500  125.5  ,  100 

Avg  123. 5  100 

700  124.7  100 

900  120.0  100 

900  117.0  100 

Avg  118.5  100 

1100  110.5  100 

1300  97.0  100 

1300  94.0  100 

Avg  95. 5  .  100 

1400  83. 0  0 

1400  83.0  0 

Avg  83. 0  0 

1500  71.0  0 

1500  72.0  0 

1500  71. 5  0 


*  Specimens  1.50  in.  over-all  width.  0.067  in. 
thick,  wlUi  0. 5  in.  long  centi'al  fatigue  crack. 

*  Solution  treated  at  2150*  F  for  4  hr.  air  cooled; 
aged  at  ISOO*  F  for  20  hr. 
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Table  6 


*  Solution  treated  at  1950*  F  in  argon  for  30  min,  air  quenched;  aged  at  1400* 
for  16  hours  in  air,  air  cooled. 

*  Original  specimen  dimensions  were  2  in.  x  0.375  in.  x  0.082  in. 


Table  7 


Fracture  Strength  of  Fatigue- Cracked^  Aged*  Rene'  41  Sheet  at 
Different  Temperatures 

Specimen  Loaded  to  Failure  at  a  Free  Crosshead-Travel 
Rate  of  0.01  in.  /min 


Temp 
•  F 

Net  Fracture 
Stress,  ksi- 

Fracture  Appearance 
Percent  Shear 

75 

146 

100 

75 

146 

100 

Avg 

146 

100 

1000 

127 

100 

1000 

134 

100  • 

Avg 

130 

100 

1200 

131 

100 

1200 

132 

100 

Avg 

132 

100 

1400 

117 

100 

1400 

114 

100 

Avg 

116 

100 

1600 

92.6 

100 

1600 

92. 5 

100 

Avg 

92.6 

100 

*  Specimens  1  1/2  in.  over-all  wldUi,  0.082-Ui.  thlck»  with 
0. 5  in .  long  central  fatigue  crack. 

>  Solution  treated  at  1950*  F  in  argon  for  30  min  air  quenched* 
aged  at  1400*  F  for  16  hours  in  air,  air  cooicd. 
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Solution  treated  at  1975"  F  for  4  hr,  air  cooled;  aged  at  1400"  F  for  2  hr. 
Initial  specimen  dimensions  were  0.  375  in.  x  0.  060  in. 
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Table  9 


Fracture  Strength  of  Fatigue-Cracked^,  Aged*  Unitemp 
1753  Sheet  at  Different  Temperatures 


Specimens  Loaded  to  Failure  at  a  Free 
Crosshead-Travel  Rate  of  0.01  in.  /min 


Temp 

Met  Fracture  Fracture  Appearance 

»  K 

Stress,  ksi 

Percent  Shear 

75 

139.0 

100 

1000 

127.0 

100 

1000 

128.0 

100 

Avg 

127.5 

*  100 

1200 

127.0 

100 

1200 

123.5 

100 

Avg 

125.3 

100 

1400 

115.0 

95 

1400 

117.0 

100 

Avg 

116.0 

97.5 

1450 

105.  S 

100 

1500 

76.5 

0 

1500 

78.0 

0 

Avg 

77.3 

0 

1600 

30.0 

0 

*  Specimens  1.50  in.  over- 

■all  widUi,  0. 060  in.  UUck* 

wiUi  0, 

5  in.  long  central  fatigue  crack. 

*  Solvition  treated  at  1975* 

F  for  4  hr,  air  cooled; 

aged  at  1400*  F  for  3  hr. 
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Solution  treated  at  1975*  F  for  8  hr,  air  cooled;  aged  at  1300°  F  for  16  hr. 
Initial  apecimcn  gage  diroenstons  were  2  in.  x  0.  375  in.  x  0.050  in. 
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Table  11 


Fracture  Strength  of  Fatigue- Cracked^,  Aged®  Nimonic  90  Sheet 
at  Different  Temperatures 


Specimens  Loaded  to  Failure  at  a  Free 
Crosshead- Travel  Rate  of  0.01  in.  /min 


Temp 

»  F 

Net  Fracture 
Stress,  ksi 

Fracture  Appearance 
Percent  Shear 

75 

137.5 

100 

75 

129.5 

100 

Avg 

133.5 

100 

1000 

118.0 

100  . 

1000 

118.0 

100 

Avg 

118.0 

100 

1200 

104.0 

100 

1200 

98.0 

100 

Avg 

101.0 

100 

1250 

86.0 

0 

1300 

79.5 

20.0 

1400 

79.5 

0 

1400 

76.5 

0 

Avg 

78.0 

0 

1450 

69.5 

0 

1500 

59,0 

0 

*  SiMJCimens  11/2  in.  over-all  wt<jlth,  0. 050  In. 
Uiick.  wiUt  0. 50  in.  long  central  fatigue  cracks. 

*  Solution  treated  at  1975*  I*'  for  8  kr,  air  cooled; 
aged  at  1300*  t?  for  16  hr. 
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Table  12. 


Tensile  Properties  of  Aged*  3'> 

Different  Temperatures  and  at  a  Nomii.  l  Sti'Bin  Rat^ 
0.  005  in.  /in.  /min 


Temp 

0.  2%-Offset 
Yld.  Str. 

Ultimate 

Str. 

ji'ong. 

;  2  in. 

«ir 

ksi. 

% 

75 

66.0 

142.0 

■7.5 

75 

74.0 

148.0 

0 

75 

67.0 

137.  6 

37.0 

.  Avg 

69.0 

142.5 

iio,  8 

500 

68.8 

137.6 

.  5 

500 

68.8 

132.4 

.0,0 

Avg 

68.8 

135.0 

.Jj..  25 

1000 

68.8 

116.9 

.  0 

1000 

67.0 

116.9 

2^.0 

Avg 

67.9 

116.9 

20.0 

1500 

15.5 

27.5 

^ ).  0 

1500 

17.2 

22.3 

23-0 

Avg 

16.35 

24.9 

25,0 

^  Solution  treated  at  1800®  F  for  1  hr,  oil:  uenched; 

aged  at  1325“  F  for  16  hr. 

2  Tensile  specimens  with  gage  sections  2  .i;i  Song, 
3/8  in.  wide,  and  0. 040  in.  Uiick. 
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Table  13 


Fracture  Strength  of  Fatigue- Cracked  Aged^  A  286  Alloy  Sheet* 
at  Different  Temperatures 

Specimens  Loaded  to  Failure  at  a  Free  Crosahead -Travel  Rate 

of  0.01  in.  /min 


Temp 

’F 

Net  Fracture  Fracture  Appearance. 

Stress,  ksi  Percent  Shear 

75 

99.5 

100 

75 

109.0 

100 

75  . 

108.  5 

100 

Avg 

105.6 

500 

99.3 

100 

500 

95.  0 

100 

Avg 

97. 1 

1000 

93  0 

100 

1000 

89.6 

100 

Avg 

91.3 

1500 

46.0 

100 

1500 

45.7 

100 

Avg 

45.9 

*  Solution  treated  at  1800“  F  for  I  hr,  oil- qu-? nched; 
aged  at  1325“  F  for  16  hr. 

*  Sheet  thickness  0.040  in. ;  specimens  1.5  in.  w.tde, 
willi  central  fatigue  cracks  0. 52  In.  co  0. 55  in,  in 
over- all  lengUi. 
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Table  14 

Tensile  Properties  of  Annealed  L.  605  Cobalt-Base  Alloy 
SlieeB  at  Different  Temperatures^ 


Temp 

«F 

0.  2%- Offset 
Yld.  Str. 

Ultimate 

Str, 

Elcng, 
in  2  in. 
% 

KSI 

75 

69.5 

140.  5 

51.0 

75 

68.0 

140.0 

66.0 

75 

76.0 

138.0 

54.0 

Avg 

71.2. 

139.  5 

57.0 

500 

44.6 

117.0 

75.0 

500 

45.75 

116.0 

•67.0 

500 

42.6 

115.0 

71.0 

Avg 

44.3 

116.0 

68.0 

1000 

33.5 

98.9 

64.0 

1000 

34.8 

100.0 

63.0 

1000 

36.5 

102.0 

61.0 

Avg 

34.9 

100.3 

62.6 

1600 

26.4 

45.5 

12.5 

1600 

30.0 

46.0 

12,0 

1600 

27.5 

35.5 

12.5 

Avg 

27.9 

43.0 

12.3 

Tensile  spochnens  with  gage  section  2  in.  long, 
3/8  in.  wide,  and  0.045  in.  thick. 

Specimens  held  at  elevated  tompoi-ature  for  1  win 
before  loading  to  failure. 
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Table  15  , 

Fracture  Strength  of  Fatigue- Cracked  Annealed  L  605 
Cobalt- Rase  Alloy  Sheel^  at  Different  Temperatures* 


Temp 

Net  Frac 

“F 

Stress,  1 

75 

93.0 

75 

93.0 

Avg 

93.0 

500 

62.0 

500 

66.7 

Avg 

64.3 

1000 

59.5 

1000 

62.0 

1000 

60.0 

Avg 

60.5 

1600 

4i  5 

1600 

40.0 

1600 

41.0 

Avg 

40.8 

Sheet  Uiickncss  0.045  in. ;  specimens  1.  5  in.  wide, 
with  central  fatigue  cracks  0. 51  in.  to  0. 58  in.  in 
over-all  length. 

Specimens  held  at  elevated  temperature  for  1  min 
before  loading  to  failure. 
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n  Sheet^  at  Various  Temperatures 
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Table  17 

Fracture  Strength  Properties  of  Sharply  Notched 
Unalloyed  Tungsten  Sheet^ 


Temp 

*F 

Net  Fracture  Stress 
ksi 

300 

>  91“ 

400 

V 

o 

600 

108 

800 

102 

1000 

96.3 

1200  ' 

91.5 

^  Specimens  1.5  in.  in  over-all  width  and  0.041  thick 
with  0, 5  in.  central  notches.  The  radii  of  the  notch 
roots  were  nominally  0.0005  in. 

®  Specimen  fractured  in  the  grips  rather  liian  at  tho 
notch.  Value  shown  represents  stress  level  in  the 
notched  section  at  the  time  fracture  occurred  in  the 
pin-hole  and  may  be  regarded  as  a  lower  limit  of  net  - 
h’acture  stress. 
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Table  19 


Fracture  Strength  of  Fatigue  -  Cracker!  Unalloyed  Molybdenum 
Sheet^  at  Different  Temperatures  and  at  a  Crosshead-Travel 
Rate  of  0.  01  in. /min 


Temp 
•  F 

Net  Fracture 
Stress,  ksi 

0 

27.3 

75 

48.8 

75 

97.5 

75 

53.0 

Avg 

66.4 

150 

85.0 

150 

82.0 

Avg 

83.5 

200 

77.0 

200 

74.0 

Avg 

75.5 

300 

82.0 

Fracture  Toughness. 
Ke*.  ksi  in. 

15.6 

28.0 

58.2 
28.5 

38.2 

47.8 

47.8 

47.8 


‘  Stress- rcUoved 
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Tensile  Properllea  of  Molybdenum  1 /2f<,- Titanium  Alloy  Shcet^  at  Different  Temperatures 

and  at  a  Nominal  Strain  Rate  of  5  x  10  ^  in.  /in,  /min 
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Stress-  relieved. 

Initial  specimen  gage  dimensions  were  2  in 
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Table  21 

Fracture  Strength  of  Fatigue- Cracked  Molybdenum  0.  5% 
Titanium  Alloy  Sheet*  at  Different  Temperatures  and  at  a 
Crosshead-Travel  Rate  of  0.01  in.  /min 

Temp  Net  Fracture  Fracture  Toughness,  . 

F  Stress,  ksi  Kc',  ksi  f  ip! 


1 


Tensile  Properties  of  Molyfadenam  0,  5%-TiLanLum  0.  08%-Zirconium  Alloy  Shect^  at 
Different  Temperatures  and  at  a  Nominal  Strain  Rate  of  5  x  10"^  in.  /in.  /min 
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Stress- relieved. 

Initial  sjsecimen  gage  dimensions  were  2  i: 
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Figure  23  • 

Fracture  Strength  of  Fatigue- Crocked  Molybdenum  0.  5%-  ‘ 

Titanium  0.  08%- Zirconium  Alloy  SJieet*  at  Different  ' 

Temperatures  and  at  a  CrosShead-Travel  Rate  of 
0. 01  in.  /min 

Temp  Net  Fracture 
*  F  Stress,  ksi 

~50  47.5 

-50  480 

Avg  47. 8 


10 

51  0 

36.6 

20 

95.0 

61.6 

78 

136.0 

78.7 

78 

129.5 

77.5 

Avg 

.  132. 8 

78.1 

500 

120  0 

“ 

BOO 

110.5 

900 

101.4 

- 

1000 

98.0 

1100 

103.0 

- 

*  Stress- 

■relieved. 

MUINUM  MMAUCM  iMAtlfUtS 


Table  24 

standard  TdnaUe  Propertied  of  D-14‘  Columbium  Alloy  Sheet  at  Various  Temperatures 
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Standard  Tensile  Properties  of  D-14^  Colurobium  Alloy  Sheet  at  Various  Temperatures 

0. 2%-Offsct  Ultimate  Elong.  Final  Dimensions*  Reduction 
Temp  Yld.  Sir.  Strength  tn  2  in.  at  Fracture,  In.  of  Area 
*  F  • _ %  Width  Thickness  '  % 
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standard  Tensile  Properties  of  D-14^  Columbium  Alloy  Sheet  at  Various  Temperatures 


Cold- rolled  and  stress- relieved 
Nominal  original  specimen'  ga 
Specimen  original 


Temp 
°  F 

Fracture  Stress 
ksi 

-300 

95.7 

-200 

83.5 

-100 

76.3 

•  75 

62.7 

.  200  • 

58.4 

400 

52.6 

600 

49.5 

600 

48.1 

Avg 

48.8 

700 

49.1 

700 

49.7 

Avg 

49.4 

800 

49.7 

800 

48.8 

Avg 

49.2 

900 

50.4 

900 

,  49;  9 

Avg 

50.2 

1000 

49.3 

1000 

52.4 

1000 

51.6 

1000 

48.1 

Avg 

50.4 

L-fJK 


‘'T'” 
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Table  25  (Continued) 

Fracture  Strength  of  Fatigue- Cracked^  D-14  Sheet* 
at  Various  Temperatures 


Temp 

•f 

Net  Fracture  .Sire 
ksi 

1100 

52.  1 

1100 

52.5 

1100 

51,1 

Avg 

51.9  • 

1200 

47.6  . 

1200 

50.3 

Avg 

49.0 

^  Sheet  specimens  0. 050  in.  thick,  1.  500  in.  in  o  "-ai''  .vidth,  with 
central  transverse  fatigue  cracks  nominally  0.  500  n,.  in  length. 

*  Cold-rolled  and  str‘e.ss' relieved. 
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Table  26  (Continued) 
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Table  27  .  ■ 

Fracture  Strength  of  Fatigue-Cracked’  FS  82  Sheet* 
.  at  Various  Temperatures 

Temp'  Net  Fracture  Stress 

.  "F  ksl 


-320 

>83.7' 

-200 

71.3 

\ 

o 

p 

59.8 

75 

50.3 

300 

47.0 

450 

39.3 

525  . 

39.7 

600 

38.4 

700 

.  40.  2 

800 

39.5 

900 

38.9 

1000 

41.3 

1050 

41.3 

1175 

38.5 

1300 

38.7 

*  Specimens  11/2  in.  in  over- all  width,  0.040  in.  thick, 
with  0.  5  in.  central  fatigue  crack. 

*  Hot- rolled  and  stress- relieved. 

’  Specimen  fractured  in  the  grip  where  the  temperature 
was  higher.  The  value  given  represents  stress  on  the 
fatigue- cracked  section  at  the  time  fracture  occurred 
in  the  pin-hole  and  should  be  regarded  as  a  lower  limit 
for  the  fracture  stress. 
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Tenaiic  Properties  of  Tempered^  AISI  4130  Steel  at  Different  Temperatures 
and  at  a  Strain  Rate  of  5  x  10“^  in.  /in,  /sec 
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Tensile  Properties  of  Tempered^  AISI  4130  Steel  at  Different  Temperatures 
ar.«!  at  a  Strain  Rate  of  0.  5  in.  lin.  /sec 

0. 2%-Offset  Ultimate  Elong.  Final  Dimensions*  Reduction 


37S  192  238  4.0  0.363 
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Table  31 

Fracture  Strength  of  Fatigue- Cracked'  Tempered^  AISI  4-130  Steel 
at  Different  Temperatures  and  a  Loading  Rate  of  4  lbs /sec  ^ 


Temp 
*  F 

Net  Fracture 
Stress,  ksi 

Fracture  Appearance 
Percent  Shear 

-240 

90.3 

25 

-240 

117 

65 

Avg 

103 

45 

-200 

184 

100 

-150 

201 

100 

-100 

194 

100 

75 

183 

100 

75 

185 

100 

Avg 

184 

100 

170 

160 

100 

200 

158 

100 

250 

131 

100 

300 

112 

100 

350 

134 

100 

*  Specimens  11/2  in.  in  over- all  width.  0.050  iit.  Uiick,  wiOt 
0.5  in.  long  central  fatigue  crack. 

*  Austenitised  at  1570*  F  in  argon  for  30  miii,  oil  quenched; 
tempered  at  400*  F  in  air  for  2  hours,  air  cooled. 

*  These  specimens  were  fractured  using  the  same  rale  of  cross- 
travel  that  produced  a  .strain  rate  of  I  st  10“*  In.  /in.  /sec  in  the 
standard  tensile  specUnens. 
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Table  31  . 

Fracture  Strength  of  Fatigue-Cracked*. Tempered*  AISl  4130  Steel 
at  Different  Temparatures:  and  a  Loading  Rate  of  4  Ibs/sec^ 


Temp 

*  F 

Net  Fracture 
Stress,  ksi 

Fracture  Appearance 
Percent  Shear 

-240 

90.3 

25 

-240 

117 

65 

Avg 

103 

45 

-200 

184 

100 

-150 

201 

100 

-100 

194 

100 

75 

183 

100 

75 

185 

100 

Avg 

134 

100 

170 

160 

100 

200 

158 

100 

250 

131 

100 

300 

112 

100 

350 

134 

•  100 

*  Specimens  11/2  in.  in  over-all  width.  O.OSO  in.  vtilh 

0.  5  in .  long  central  fatigue  crack. 

*  Austenitir.ed  at  1570*  P  in  argon  for  30  min,  oil  quenched; 
tempered  at  400*  P  in  air  for  2  hours,  .air  cooled. 

*  These  specimens  were  fractured  using  the  same  rate  of  cross¬ 
travel  that  produced  c  strain  rate  of  1  k  10*‘  in.  /In.  /see  in  the 
standard  tensile  specimens. 
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TabW?-32 

Fracture  Strength  of  Fatigue-Cracked^  Tejupered^  AISI  4130  Steel 
at  Different  Temperatures  and  a  Loading  Rate  of  2  x  10^  ib/sec^ 


Ten>p 

-JL. 

Net  Fracture 
Stress,  ksi 

-240 

93.9 

-240 

96.0 

Avg 

95.0 

-200 

160 

-200 

181 

Avg 

172 

-150 

200 

-100 

200 

75 

196 

200 

179 

250 

134 

300 

131 

350 

155 

400 

140 

Fracture  Appearance 
Percent  Shear 

80 

30 

55 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

.100 


»  Specimon  11/2  in.  in  over- all  width,  0.050  lij.  Uiicfe,  with 
0.5  in-  long  central  fatigue  crack. 

*  AutsliMtiliKcd  at  1570*  F  in  argon  for  30  »nin,  oil  quenched; 
tempered  at  400*  F  in  air  for  2  hours,  air  cooled. 

^  These  siwciincns  were  fractured  using  ttto  s.-mie  rale  of  cross* 
head  trawl  thal  produced  a  strain  rate  id  5  x  10“’*  in.  /hi.  /sec 
in  the  standard  tensile  S{>ccitnens. 
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Tab'o  33  .  •  .  . 

Fracture  Strength  of  Fatigue- Cracked*  Tempered*  AISI  4130  Steel 
at  Different  Temperatures  and  a  Loading  Rate  of  2  x  10®  Ibs/scc® 


Temp 
“  F 

Net  Fracture 
Stress,  ksi 

-240 

86.5 

-240 

98.0 

Avg 

92.2 

-200 

163 

-150 

209 

-125 

205 

-100 

220 

75 

206 

200 

198 

300 

183 

400 

162 

400 

180 

Avg 

171 

450 

131 

500 

135 

500 

78 

Avg 

106 

Fracture  Appearance 
Percent  Shear 


35 

50 

42 

100 

100 

100 

100 

100 

lUO 

100 

100 

too 

100 

100 

100 

100 

100 


I  Bpccinmns  11/2  in.  in  over-all  width  0. 050  in.  thick«  with 
0. 5  in.  long  cuntral  fatigue  crack, 
a  Austenttiv.cd  ut  1570*  F  in  argon  for  30  iiiin»  oil  quenched; 

tetuftcred  at  400*  F  in  air  for  2  hours,  air  cooled, 
a  These  specimens  were  fractured  using  tttc  same  rate  of 
crosshead  travel  that  produced  a  strain  rate  of  O.S  in.  /In.  / 
sec  in  the  standard  tensile  S|}Cciiuons. 
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Specimen  fractured  without  yielding. 
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Table  35 

Fracture  Streiigih  of  Fatigue-Cracked*,  Hot-Rolled  AISI  1020  Steel 
Slier t  at  Different  Temperatures  and  a  Nominal  Loading  Rate  pf  2  x  10‘‘  Ib/sec* 


Temp 

*F 

Net  Fracture 
Stress,  ksi 

Fracture  Appearance 

Percent  Shear 

-320 

48 

0 

-250 

44 

0 

-100 

89 

100 

80 

75 

100 

200 

75  • 

100 

300 

73 

100 

400 

69 

100 

Spoeimens  11/2  In.  in  ovftr-all  widUi.  0.065  In.  thick,  with  0.50  In.  long 
central  fatigue  crack, 

The.se  specimens  were  fractured  using  the  same  rate  of  crosshead  travel 
that  produced  a  strain  rate  of  0. 2  in.  /in.  /see  in  U»e  standard  tensile 

siweimetis. 
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Table  37 

Fracture  Strength  of  Fatigue-Cracked*,  Hot-Rolled  AISI  1020  Steel 
Sheet  at  Different  Temperatures  and  a  Nominal  Loading  Rate  of  4  Ib/sec* 

Temp  Net  Fracture  Fracture  Appearance 


*  F  Stress,  ksi  Percent  Shear 

-320  58  0 

-150  69  100 

-ICO  o3  100 

80  63  100 

200  55  100 

300  53  100 

350  58.5  100 

400  60  100 

450  60  100 


Specimens  11/2  In.  in  over-all  width,  0.065  in.  tliiek,  with  0.50  in. 
long  conlral  raliguc  crack. 

*  Those  .s|>celntcns  were  fractured  using  the  same  rale  of  crosshead 
travel  Utal  produced  a  strain  rate  of  I  x  10"»  in.  /in,  /sec  in  tiie  slandar* 
tensile  spocitnens. 
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Table  38 


Standard  Tensile  Properties^  of  300  jM  Low- Alloy  Steel* 
at  Various  Temperatures 


Temp 

*F 

0.  2%-Offset 
Yld.  Sir. 

ksi 

Ultimate 

Sti'ength 

Blong. 
in  2  in. 

% 

Mod.  of 
Blast. 
10®  psi 

75 

257 

277 

4.0 

28.5 

75 

240 

273 

6.0 

26.  6 

75 

242 

292 

5.0 

29.1 

75 

220 

274 

6.0 

27.1 

Avg 

240 

279 

5.3 

27.8 

200 

211 

268 

5.0 

26.6 

200 

217 

273 

6.0 

26.3 

Avg 

214 

270 

5.5 

26.5 

300 

203 

274 

4.0 

26.4 

300 

215 

.  279 

4.0 

24.5 

Avg 

209 

276 

4.0 

25.5 

400 

204 

281 

6.0 

24.2 

400 

203 

283 

6.0 

25.1 

400 

204 

280 

7.0 

24.5 

Avg 

204 

281 

G.3 

24.6 

500 

179 

265 

6.0 

25.6 

500 

187 

265 

4.0 

23.5 

Avg 

184 

265 

5.0 

24.  5 

600 

159 

228 

7.0 

23.5 

800 

136 

195 

6.0 

22.7 

*  Nominal  sttcciincn  gage-eecUon  dimensions  2  in.  x  0.25  in. 
X  0. 080  in. 

*  Austenitisted  at  X600*  P  for  30  min;  oil  quenched;  tempered 
twice  at  600*  F  for  2  hr. 
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Tablc  39 

Crack- Propa^jation  Properties*  of  300  M  Low-Alloy  Steel* 
at  Various  Temperatures 


Net  Fracture 


Temp 

*F 

Stress 

ksi 

ksi 

Percent  Sliear 
in  Fracture 

Critical  Crack 
Length,  in. 

75 

133 

159 

lOO 

0.84 

75 

131 

121 

95 

0.84 

Avg 

132 

140 

~ 

0. 84 

200 

118 

113 

95 

0.71 

200 

125 

128 

80 

•* 

0.71 

Avg 

122 

122 

— 

0.71 

400 

86.2 

109 

90 

1.03 

400 

100 

116 

100 

0.90 

400 

96.3 

125 

90 

0.95 

400 

92.6 

102 

80 

‘ 

0.89 

400 

95.2 

97.2 

100 

1.00 

400 

106 

132 

100 

0.94 

400 

102 

88.4 

80 

0.83 

Avg 

96.9 

110 

- 

0.93 

600 

116 

105 

100 

0.61 

600 

104 

105 

95 

0.72 

Avg 

110 

m 

“ 

0.67 

800 

116 

m 

100 

0.81 

*  Specimens  1. 5  In.  in  ovcr-dtl  width,  0.080  in.  thick,  with  central 
fntigue  cracks  nominally  0  5  in.  in  length. 

*  Austenitised  at  1600*  F  for  30  min,  oil  quenchedj  tempered  twice  at 
COO*  P  for  2  hr. 
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Table  4^9 


Standard  Tensile  Properties*  of  AISI  -4340 
Sleel2  at  350*F 


0.2iro- Offset 
Yld.  Str. 

intimate 
Strength  . 

Elong. 

, in  2  in. 

% 

Mod,  of 
Elast. 
10®  psi 

ksi 

183 

280 

2  1 

25.2 

198 

281 

2.1 

23,  0 

189 

280 

2  1 

23.4 

Avg  190 

280 

2  1 

23.8 

*  Nojnifiul  speeirnen  j‘aKe-s^<.‘tion  dimensions 
2  in.  X  0  25  in  xQ.OM  'm. 

*  Austenitized  at  1600*  F  for  30  min»  oil  quenetiod; 
temoered  twice  at  400“  F  for  2  hr. 
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Table  41 


Crack-Propagation  Properties*  of  AfSI  4340 
Steel’  at  350*  F 


Net  Fracture 
Stress 

_  ksi  ksi  irT 


Perrent  Shear 
in  Fracture 


Avg 


132 

219 

100 

137 

273 

100 

133 

228 

100 

120 

225 

100 

123  ' 

274 

100 

129 

250 

100 

*  Specimens!  5  in.  in  over-all  wkitht  0.004 

in.  thick,  with  Central  fatigue  cracks  nominally 
0.  5  In,  in  length. 

*  AustenUiv.ed  at  1600*  F  for  30  min,  oil  quenchod; 
tempered  twice  at  400*  F  for  2  hr. 
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APPENDIX  B 

Modi! ic«nari  of  the  Irwin- Wes terjjnard  {’onipliance  Kqna*io>i  to 
Ueflect  CnnipHanoe  at  ll^e  Edges  of  a  Centrally- t.'rarffed.Sfwcimen 


W'oP»orj»naf(l  61)  hns  provided  a  convenient  two  dimeniSnmal 
stress  analysis  in  rcetant^ular  ccortiinates  of  a  very  large  flat  plate 
with  tension  a{>j),l.ied  in  the  y  direction  and  a  system  of  cracks  along 
the  X  «xii*  each  of  loiigth  2a  iind  ■Renter  at  x  >•  o.  1l,  1  2l 


»  •  * 


Tlw;  perUnent  yaUies  are  givcMv  iiv  terms  of'  an  aualyiie  functiwJ, 


of  thf  corimtvx  variable  v.  ^  x  4  ty. 

In  WestergaamPs  notallan; 

..  d/, 

d£ 


and 


dtt 


Z  «  X  (4  ^  Re  Z  4  i  im  51. 


fm) 


t 


Aceordiin*  to  this  welhml  the  stresses  arc  assutned  to  be  funetiotut  ^ 
of  X  and  y  only  and  arc  expressed  as 

oy  ^  Uo  ;5  r  y  Im  r  . 

ojc  »  Re  *  y  Ini  Z* 

%y  ‘  -y  He  21*; 

and  the  tlisulaeemeiu,  v,  in  the  y  dlreethwi  for  a  piaite  strdiu  nituaUnii 
Iiv  *  2  (1  - «'  »)  lin  Z  -  (1  ♦  c)  y  Re  Z>  (H21 

u-licre  *'  is  PoissoiP.^  ratio  and  E  Uie  ntotliilus  td  elasticity. 
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Irwin  has  shown  (9)  that  the  above  stress  analysis  is  a  good 
approximation  to  the  stress  situation  in  a  centrally  cracked  sheet 
specimen  (with  vertical  and  horizontal  axes  of  symmetry  of  the 
specimen  as  y  and  x  axes).  The  specimen,  with  width  w  -  L  is 
regarded  to  be  one  unit  of  the  crack  system  (i.  e.  ,  the  plate  with 
the  system  of  cracks  is  regarded  as  being  made  up  of  a  large  number 
of  centrally  cracked  specimens  placed  edge  to  edge).  Thus  the  speci¬ 
men  edges  are  at  x  =  JlL/2  and  the  crack  extends  from  x  =  -  a  to 
X  =  +  a. 

Boundary  conditions  require  the  stresses  oy  and  Txy  to  be 
zero  along  the  borders  of  the  crack  and  the  stresses  ox  and  Txy 
to  be  zero  along  the  side  boundries.  All  of  these  conditions  are 
fulfilled  except  the  condition  that  ay  -  0  along  the  side  boundary, 
Irwin  has  remedied  the  situation  by  rewriting  ox  *'3 

ay  =  Re  Z  -  y  Im  Z'  -  ’ 

where  a^x  ®  constant  stress  adjusted  so  that 

ay  dy  =  o  at  x  =  . 

The  introduction  of  the  constant  Oox  does  not  make  ay  zero  every¬ 
where  along  the  side  boundries,  but  it  does  reduce  Oy  to  a  small 
value.  We  have  assumed  that  this  deviation  from  an  exact  solution 
is  smaller  than  the  relatively  small  errors  introduced  in  practical 
application  by  the  departure  from  linear  elasticity  theory  at  finite 
strains. 

Irwin  modified  the  equation  giving  displacement  in  the  y  direc¬ 
tion  to  make  it  applicable  to  a  generalized  plane  stress  situation. 

The  Irwin- Westergaard  equation  is 

Ev  -  2  Im  Z  -  (1  +  I' )  y  Re  Z.  (B3) 

We  will  now  take  the  Irwin -Westergaard  equation  and  derive  an 
expression  for  compliance  at  the  specimen  edges.  The  conditions 
at  the  edge  of  the  specimen  are  x  -  ^172  so  that  z  =  *\J2  +  iy 
where  y  will  be  1/2  of  the  specimen  gage  length. 


'  Westergaard  stated  that  an  arbitrary  constant  stress  could  be  applied  in 
the  X  direction  without  disturbing  the  validity  of  the  solution 
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The  integration 


Z  = 


J 


C  Is  *  complex  censtani  of  integratlbn  to  be  evaluateii  latvr 
using  the  known  conditions  «t  a  s  o. 

Making  use  of  the  identities: 


and 

•sin  ■*  (-im)  B  i  sinh  "*  (m), 
wv  find  that 


?  .  -I 


sinii  ^ 


U* 

c 


Ite  C  t  i  till  c 


so  that 


liM  2  ^  sinh  ‘* 


sinh 


*  Im  C. 


\V«  also  see  that  at  x  ^  *  tJZ 
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i's  real  so  that 

Re  Z  =  Z  at  X  =  i  L/2. 


We  find  the  expression  for  displaceitvent  v  by  substitution  into 
equation  b3.  Following  Boyle  (6)  w-e  express  the  compliance  in 
the  dimensionless  form  Ev/aw  by  multiplying  the  expression  by  the 
modulus  of  elasticity  and  dividing  by  the  specimen  wicfth  w. 


Observing  LhatL=:  w,  we  obtain 


Ev 

O’ w 


Z  Im  C  _  y  (1  +  v) 


fT^V 


Sin* 


ff  a 
w 


cosh* 


II 

w 


Im  C  is  evaluated  by  noting  that  at  a  =  o  the  specimen  corresponds 
to  an  unnotched  specimen  and  Ev/orw  is  eqwal  to  y.  \v. 


We  obtain  finally 


Ev 

aw 


=  -  sinh 

9 


-I 


(1  +«') 


sin* 


y  a 
w 


cosh* 


n 

w 
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